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SOIL STOCKPILE   
STREAMLINED RISK CHARACTERIZATION REPORT 

FANSTEEL METALS/FMRI STOCKPILE STRATEGY 
MUSKOGEE, MUSKOGEE COUNTY, OKLAHOMA 

1 INTRODUCTION 

The purpose of this document is to present the results of a streamlined risk characterization of the 

soil stockpile area located on the Fansteel Metals/FMRI (Fansteel) site (Site) in Muskogee, 

Muskogee County, Oklahoma. The risk characterization will also include derivation of potential 

cleanup levels given various potential applicable or relevant and appropriate requirements 

(ARARs). 

2 BACKGROUND 

Fansteel operated a metal processing facility that produced tantalum and columbium metal 

products from 1957 to 1989. U.S. Environmental Protection Agency (EPA) contractors conducted 

a Site Inspection (SI) of the Site in October 1981 that included the collection of one soil sample 

and one sediment sample at outfall and seepage locations from the Site to the Arkansas River. 

Based on the analytical results, an observed release to surface water was documented [Weston 

Solutions, Inc. (WESTON), 2019]. In June 2018, the Oklahoma Department of Environmental 

Quality (ODEQ) performed a Preliminary Reassessment of the Site, the results of which indicated 

that further sampling at the Site was warranted (same). As part of an Expanded Site Inspection 

(ESI) conducted at the Site by Superfund Technical Assessment and Response Team (START) in 

April 2019, one soil sample and one duplicate soil sample were collected from a stockpile of soils 

located under a tarp and south of the research and development (R&D) building. The stockpile 

consists of approximately 17,000 cubic yards of soil excavated during the installation of a 

groundwater inceptor trench in 1999.  

Analytical results from the soil stockpile indicated concentrations of the following Hazard Ranking 

System (HRS) significant contaminants (contaminants considered a hazardous substance with high 

toxicity/bioaccumulation factor values):  

 Semivolatile organic compounds (SVOCs) – acenapthene, anthracene, 
benzo(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(g,h,i)perylene, 
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benzo(k)fluoranthene, bis(2-ethylhexyl)phthalate, dibenz(a,h)anthracene, dibenzofuran, 
fluoranthene, fluorene, indeno(1,2,3)pyrene, naphthalene, phenanthrene, pyrene;  

 Metals – arsenic, chromium, iron, lead, magnesium, manganese, selenium, silver, zinc, 
mercury;  

 Polychlorinated biphenyls (PCBs) – aroclor 1254; and  

 Radionuclides – radium-226 (Ra-226), radium-228 (Ra-228), thorium-228 (Th-228), 
thorium-230 (Th-230), thorium-232 (Th-232), uranium-234 (U-234), uranium-235 (U-
235), and uranium-238 (U-238) above background. 

The soil stockpile sample analytical results for SVOCs, metals, and PCBs are provided in 

Attachment 1. The analytical results for radionuclides are presented in Table 2-1. 

Table 2-1 
ESI Soil Stockpile Sample Results – Radionuclides 

Analyte 

Soil Stockpile 

Field Sample Field Duplicate 
Sample 

SS-STP-
20190408 

SS-DUP1-
20190408 

picoCuries per gram (pCi/g) 

Ra-226 88.1 81.5 

Ra-228 18 15.2 

Th-228 16.1 18.5 

Th-230 63 72 

Th-232 15.8 18.6 

U-234 42.7 47.3 

U-235 2.48 2.69 

U-238 44.5 48.7 
Weston, 2019 
pCi/g -picoCuries 
Ra – radium 
SS – Soil sample  
STP – stockpile 
Th – thorium 
U – uranium 
Bold values are the greater of the normal and duplicate sample results. 
U-238 decay chain: U-238, U-234, Th-230, Ra-226 
Th-232 decay chain: Th-232, Th-228, Ra-228 
U-235 was the only radioisotope analyzed within its decay chain. 
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In July 2019, EPA National Center for Radiation Field Operations (NCRFO) and EPA Region 6 

conducted qualitative gamma survey scans at the Site, including one of the soils stockpiles, using 

the NCRFO Environmental Radiation Buggy Scanning System. The soils stockpile exhibited 

significant relative gamma activity, with a maximum measurement of 27 times the background 

value (National Center for Radiation Field Operations, Office of Radiation and Indoor Air, EPA, 

2019). The southern one-third of the stockpile was capped in what appeared to be clean soil that 

shielded the material beneath to near background values (same).   

In their report, the NCRFO noted the gamma scan survey results stated that the raw material (ore) 

used for tantalum and niobium production contained uranium and thorium as naturally occurring 

trace constituents. The concentrations of natural uranium and natural thorium were sufficient at 

Fansteel to cause the ores and slags to be classified as source materials by the Atomic Energy 

Commission (AEC), which originally issued License No. SMB-911 in 1967 to Fansteel (National 

Center for Radiation Field Operations, Office of Radiation and Indoor Air, EPA, 2019). The 

current status of the License can be found at https://www.nrc.gov/info-

finder/decommissioning/complex/fmri-fansteel-inc.html. 

3 STREAMLINED RISK CHARACTERIZATION 

A streamlined risk characterization of the soil stockpile included an analysis of radiological and 

non-radiological risk.  

3.1 RADIOLOGICAL RISK 

The soils stockpile radiological analytical results in Table 2-1 were screened against local 

background concentrations to determine the contaminants of potential concern (COPCs).  No 

radiological soil background samples were collected at the Fansteel Site during the ESI; however, 

the sample radiological analytical results were significantly greater than off-site background soil 

concentrations reported in the Fansteel Decommissioning Plan (Earth Science Consultants, 2003). 

Off-site soil background concentrations are provided in Table 3-1. 
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Table 3-1 
Off-site Soil Background Results – Radionuclides 

Analyte 
Mean Off-site Soil Background 

picoCuries per gram (pCi/g) 

Utotal 1.1 +/- 0.6 

Thtotal 3.3 +/-0.9 

Ra-226 1.0 +/- 0.1 

Ra-228 1.2 +/- 0.2 
Earth Sciences Consultants, Inc., 2003 
Ra – radium 
Th - thorium 
U – uranium 
Utotal: sum of concentrations of U-238, U-235, and U-234 
Thtotal: sum of concentrations of Th-234, Th-232, Th-231, Th-230, Th-228, Th-227 

Additionally, the soils stockpile exhibited significant relative gamma activity, with a maximum 

measurement of 27 times background, during a 2019 gamma scan survey by the NCRFO. 

Therefore, uranium, thorium, and radium were considered COPCs and were carried forward to a 

streamlined, risk characterization.  

Cancer is the major effect of concern from radionuclides. Uranium and thorium occur in three 

natural decay chains, headed by U-238, U-235, and Th-232, respectively (Attachment 2). Isotopes 

of radium appear in each of the three decay chains. In nature, the radionuclides in these three chains 

are approximately in a state of secular equilibrium, in which the activity concentrations of all 

radionuclides within each series are nearly equal. Additional information on uranium, thorium, 

and radium at the Fansteel Site can be found in Radiological and Chemical Fact Sheets to Support 

Health Risk Analyses for Contaminated Areas (Argonne National Laboratory, 2007). 

Using the analytical results in Table 2-1, START calculated the radiological risk of the soils 

stockpile for an Outdoor Worker with the EPA Preliminary Remediation Goal (PRG) Calculator 

for Radionuclides (EPA, 2019).  START used the greater analytical result between the normal and 

duplicate samples for each radioisotope to be conservative; results were greater for the duplicate 

sample for uranium and thorium and greater for the normal sample for radium. It should be noted 

that based on the single normal and duplicate sample results of the soils stockpile, the Th-232 

decay chain appears to be essentially in equilibrium, whereas the U-238 decay chain shows the 
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Ra-226 concentration approximately 22% greater than the Th-230 concentration and 

approximately 84% greater than the U-238 and U-234 concentrations. Therefore, the concentration 

for Th-232 was used for the entire decay chain. Within the U-238 decay chain, secular equilibrium 

was assumed for “sub-” decay chains U-238 through protactinium-234 (Pa-234) and Ra-226 

through polonium-210 (Po-210). The entire U-235 decay chain was assumed to be in secular 

equilibrium, given that a result is provided solely for U-235.  (Although the U-235 decay chain 

may likely exhibit a similar disequilibrium ratio as the U-238 decay chain (Ra-226 concentration 

84% greater than U-238 concentration) between Ra-223 and U-235, the risk of the U-235 decay 

chain in equilibrium contributes only 0.6% of the total risk.  Noting that radiological risk is linear, 

doubling the risk of the U-235 decay chain [100% disequilibrium] would result in the risk of the 

U-235 decay chain contributing only 0.8% of the total risk and is deemed inconsequential, given 

the level of effort required to apply unequal concentrations.)  

Three exposure pathways are included in the Outdoor Worker land-use template in the Preliminary 

Remediation Goal (PRG) Calculator: (1) incidental ingestion of soil; (2) inhalation of soil 

particulates; and (3) external exposure to gamma radiation in soil.  PRG default values, which 

represent reasonable maximum exposure to broad-based populations, and are typically 90 to 95 

percentile values and well above the mean, were used for all parameter values except for the area 

of contamination. A contaminated area of 2,000 square meters (m2) was used; the approximate, 

conservative size of the soils stockpile using the scale on the ESI Sample Location Map 

(WESTON, 2019). Although the southern one-third of the stockpile was capped in what appeared 

to be clean soil that shielded the material beneath to near background values, which would result 

in a more realistic contaminated area of approximately 1,333 m2, the nearest value in the PRG 

Calculator parameter menu above 1,333 was 2,000 m2. The input values are provided in 

Attachment 3. 

The risk of the soils stockpile for an Outdoor Worker calculated to  

4.33x10-3,  

an order of magnitude greater than the largest value of the range within which EPA manages excess 

lifetime carcinogenic morbidity risk, 10-4 to 10-6.  The U-238, U-235, and Th-232 decay-chain 
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radioisotopes are contaminants of concern (COCs). The PRG Calculator risk output is provided in 

Attachment 3.    

3.1.1 Principal Threat Waste 

The EPA A Guidance on Principal Threat and Low Level Threat Waste recommends treatment of 

principal threat waste when practicable (EPA, 1991). The guidance aligns with, and supports, the 

National Contingency Plan (NCP), promulgated on 8 March 1990 that states that EPA expects to 

use treatment to address the principal threats posed by a site, wherever practicable (40 Code of 

Federal Regulations [CFR] Section 300.430(a)(1)(iii)). No “threshold level” of toxicity/risk has 

been established to equate to “principal threat”; however, where toxicity and mobility of source 

material combine to pose a potential risk of 10-3 or greater, generally, treatment alternatives should 

be evaluated (same). Based on a risk of 4.33x10-3, the soils stockpile meets the general definition 

of a principal threat waste. 

3.1.2 ARARs and TBCs 

All remedial actions at Comprehensive Environmental Response, Compensation, and Liability Act 

(CERCLA) sites must be protective of human health and the environment and must comply with 

ARARs unless a waiver is justified.  Cleanup levels for response actions under CERCLA are 

developed based on site-specific risk assessments, ARARs, and/or to-be-considered (TBC) 

material.  The determination of whether a requirement is applicable, or relevant and appropriate, 

must be made on a site-specific basis (40 CFR Part 300.400(g)).  

3.1.2.1 EPA Regulations 

EPA regulations that apply to soil concentrations of radioactive elements are promulgated in 40 

CFR 192, entitled, "Health and Environmental Protection Standards for Uranium and Thorium 

Mill Tailings." In 1983, EPA promulgated in 40 CRF 192, Subpart B Standards for Cleanup of 

Land and Buildings Contaminated with Residual Radioactive Materials from Inactive Uranium 

Processing Sites. These standards were developed pursuant to Section 275 of the Atomic Energy 

Act (AEA) of 1954, as amended by Section 206 of the Uranium Mill Tailings Radiation Control 

Act (UMTRCA) of 1978, and were developed specifically for the cleanup of uranium mill tailings 

at 24 named sites designated under Section 102(a)(1) of Uranium Mill Tailings Radiation Control 

Act (UMTRCA) (Title 1 sites). The list of 24 Title 1 sites is a closed set chosen in 1979, to which 
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additional sites cannot be added. 40 CFR 192.12(a) specifies that the concentration of Ra-226 in 

land averaged over an area of 100 m2 shall not exceed background by more than: 

1. Five picoCuries per gram (pCi/g) averaged over the first 15 centimeters (cm) of soil below 
the surface; and 

2. Fifteen pCi/g averaged over 15 cm-thick layers of soil more than 15 cm below the surface. 

40 CFR 192.12(b) further stipulates that in any occupied or habitable building: 

1. The objective of any remedial action, within reasonable means, should be to achieve an 
annual average (or equivalent) radon product concentration (including background) not to 
exceed 0.02 working level (“WL”), and that in any case 0.03 WL should not be exceeded; 
and 

2. Gamma radiation levels should not exceed 20 microRoentgens per hour (µR/hr) above 
background. 

Note that the concentration criterion for subsurface soils, 15 pCi/g, is not a health-based standard, 

but was developed for use in limited circumstances as a tool for locating and remediating discrete 

deposits of high, subsurface radioactivity (greater than 30 pCi/g; typically 300 to 1,000 pCi/g) in 

subsurface locations at mills. The 15 pCi/g subsurface standard is expected to achieve, in fact, an 

actual subsurface cleanup level of 5 pCi/g (EPA, 1998). 

The 5 pCi/g and 15 pCi/g standards were initially developed for the single radionuclide Ra-226; 

however, in Subpart E of 40 CFR 192, Standards for Management of Thorium Byproduct Pursuant 

to Section 84 of the AEA of 1954, as Amended, EPA determined that the standards were suitable 

for remediation of Ra-228, a radioisotope in the Th-232 decay chain, at Title II sites. Uranium-

ore-processing sites addressed by Title II of UMTRCA were active when the act was passed in 

1978.  

The standards contained within Subparts B and E of 40 CFR 192 are potentially applicable 

requirements for UMTRCA Title I and Title II sites only, respectively (EPA, 1998). Waste 

rock or ore stock piles at abandoned or active metal processing facilities such as Fansteel are not 

subject to these regulations, since these materials have not been milled or processed specifically 

for uranium. That is, Fansteel is neither an UMTRCA Title I nor Title II site. 

However, if the contaminants at a site are the same (i.e. Ra-226, Ra-228, and/or thorium) and the 

distribution of contamination (little subsurface contamination between 5 pCi/g and 30 pCi/g; i.e., 
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most subsurface contamination is greater than 30 pCi/g) is similar to that of Title I and Title II 

sites, the UMTRCA soil cleanup standards may be relevant and appropriate requirements for 

CERCLA sites (EPA, 1998). Because the risk from uranium and thorium byproducts is additive 

(i.e., both carcinogenic risk), these standards should apply to the combined level of contamination 

of Ra-226 and Ra-228.  Note that to achieve a permanent cleanup objective of 5 pCi/g for Ra-226 

and Ra-228, there needs to be assurance that the preceding radionuclides in the decay chains will 

not be left behind at levels that will permit the combined radium activity to build up to levels 

greater than 5 pCi/g after the completion of the response action. At a minimum, this means that 

Th-230 and Th-232 should be cleaned up to the same combined 5 pCi/g as their radium daughters. 

For cover-material performance on inactive uranium and thorium mill sites, 40 CFR 192.32(a)(4) 

establishes the standard for radon-222 (Rn-222) flux at 20 picoCuries/square meter-second 

(pCi/m2-s). Additionally, implemented control measures must remain effective for up to 1,000 

years to the extent reasonably achievable, and in any case, for at least 200 years [40 CFR 

192.32(b)(1)(i)]. Although not applicable requirements, these cover-material performance 

standards are potentially relevant and appropriate requirements for CERCLA sites and thus the 

Fansteel Site. 

Finally, CERCLA Removal Process defined in 40 CFR 300.415 establishes methods and criteria 

for determining the extent of response when there is a release into the environment of a hazardous 

substance or any pollutant that may represent an imminent and substantial danger to public health 

or welfare. The goal of the investigation and remedy selection process under CERCLA is to select 

remedies that are protective of both human health and the environment, that maintain protection 

over time, and that minimize untreated waste. The investigation and evaluation of remedies is 

described in 40 CFR 300.430 – Remedial Investigation/Feasibility Study (RI/FS) and Selection of 

Remedy. Under CERCLA, remediation goals, which establish acceptable contaminant exposure 

levels that will be protective both of the environment and of human health under consideration of 

all potential exposure pathways, are developed by considering ARARs, if available, as well as 

factors including: For known or suspected carcinogens, acceptable exposure levels are generally 

concentration levels that represent an excess upper bound lifetime cancer risk to an individual of 

between 10-4 and 10-6. Risk-based soil action levels can be developed thusly via EPA’s online PRG 

Calculator for radionuclides. The CERCLA RI/FS process does not specifically apply to sites that 
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are not listed on the National Priorities List and thus may not be an applicable requirement for 

the Fansteel Site. However, the CERCLA RI/FS process is a potentially relevant and appropriate 

requirement.  

3.1.2.2 NRC Regulations 

National Response Center (NRC) regulations that relate specifically to protection of the general 

public from radiation are promulgated in 10 CFR 20: “Standards for protection against radiation,” 

10 CFR 40: “Domestic licensing of source material,” and 10 CFR 61: “Licensing requirements for 

land disposal of radioactive waste.” In 1985, the NRC promulgated standards under 10 CFR 40 

(NRC’s UMTRCA Rule) to address uranium mill tailings. The radium soil standards were intended 

as conforming standards to EPA’s UMTRCA soil standards under 40 CFR 192 for Ra-226 and Ra-

228, as detailed in Section 3.1.2.1. 

The Fansteel Site is currently implementing a decommissioning plan pursuant to 10 CFR 20, Part 

E (20.1403) (https://www.nrc.gov/info-finder/decommissioning/complex/fmri-fansteel-inc.html).  

These regulations state, in part, the following:  

1. The licensee has made provisions for legally enforceable institutional controls that provide 
reasonable assurance that the Total Effective Dose Equivalent (TEDE) from residual 
radioactivity distinguishable from background to the average member of the critical group 
will not exceed 25 millirem per year (mrem/yr). 

2. Residual radioactivity at the site has been reduced so that if the institutional controls were 
no longer in effect, there is reasonable assurance that the TEDE from residual radioactivity 
distinguishable from background to the average member of the critical group is as low as 
reasonably achievable and would not exceed either:  

a. 100 mrem/yr; or  

b. 500 mrem/yr, provided that the licensee demonstrates that further reductions in residual 
radioactivity necessary to achieve 100 mrem/yr are not technically achievable, would 
be prohibitively expensive, or would result in net public or environmental harm. 

The regulations in 10 CFR 20 are potential applicable requirements. Note that the Office of 

Solid Waste and Emergency Response (OSWER) Directive 9285.6-20, Radiation Risk Assessment 

at CERCLA Sites: Q&A, provides the Superfund guidance on what is considered a protective dose-

based ARAR as 12 millirems per year (mrem/yr) above background, which achieves a 3x10-4 

cancer morbidity risk (EPA, 2014).  Under this guidance, a protective dose would need to equal 
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12 mrem/yr or less; if not, 12 mrem/yr would ‘override’ the NRC protective dose of 25 mrem/yr 

(or 100/500 mrem/yr) as the CERCLA site cleanup level.  This CERCLA risk assessment guidance 

is a potential TBC. 

In 1999, the NRC amended its UMTRCA Rule by adding Criterion 6(6) to Appendix A 

Radiological Criteria for License Termination of Uranium Recovery Facilities. The amendment 

uses the existing soil radium standard (5 pCi/g surface; 15 pCi/g subsurface) to derive a dose 

criterion (benchmark approach) for cleanup of byproduct material, including radium, in soil and 

surface activity on structures. In areas where there is more than one residual radionuclide (i.e. 

radium, thorium, uranium), the benchmark dose applies to the sum of all radionuclide 

concentrations in that area.  The benchmark approach requires licensees subject to the rule to 

calculate the potential peak dose to an individual at the site within 1,000 years from exposure to 

the residual levels allowed under the UMTRCA soil standard, excluding radon (radon is a 

radioisotope in the U-238, U-235, and Th-232 decay chains). Licensees are then to remediate the 

site such that all residual radionuclide concentrations remaining post-remediation on the site do 

not result in a dose greater than the calculated potential peak benchmark dose. Criterion 6(6) 

addresses the lack of remediation standards for radionuclides other than radium in soil at uranium 

recovery facilities, including radioisotopes above (e.g., Th-232, Th-230) and below (e.g., Pb-210 

in U-238 decay chain) radium in the U-238 and Th-232 decay chains.      

The radium benchmark dose standards contained within Criterion 6(6) are potential applicable 

requirements only for UMTRCA Title II sites. Again, Title II of UMTRCA addresses uranium-

ore-processing sites that were active when the act was passed in 1978. Waste rock or ore stock 

piles at abandoned or active metal processing facilities such as Fansteel are not subject to these 

regulations, since these materials have not been milled specifically for uranium. As stated 

previously, Fansteel is not a Title II site. 

However, if the majority of radiological risk posed by contaminants in the soil at a site are the 

same (i.e., radium, thorium, uranium) as those existing at UMTRCA Title II sites, the Criterion 

6(6) radium benchmark dose limit is a potentially relevant and appropriate requirement for those 

contaminants at a CERCLA site (EPA, 2000a). Note that assumptions used in rulemaking 

documents during the development of Criterion 6(6) and/or found in accompanying NRC guidance 
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documents, such as NRC’s dose assessment methodology or its land-use assumption that the 

uranium recovery sites would be released for unrestricted use, would generally not be considered 

relevant and appropriate requirements under CERCLA (same). Benchmark Dose assessments 

should use, however, reasonable maximum exposure parameter values, i.e.; typically 90 to 95 

percentile values and well above the mean, that are consistent with the reasonably anticipated 

future land use of the site (same). The radium benchmark dose from soil at CERCLA sites should 

be met for the sum of doses for both soil and structures (same).  

Note that when developing a radium benchmark dose per Criterion 6(6) as a relevant and 

appropriate requirement for both surface and subsurface soils, a concentration value for radium of 

5 pCi/g should be used, as opposed to using 15 pCi/g for subsurface soils.  The reasons are stated 

in Section 3.1.2.1.  

Note further that OSWER Directive 9285.6-20, Radiation Risk Assessment at CERCLA Sites: 

Q&A, referenced previously, provides the Superfund guidance on what is considered a protective 

dose-based ARAR as 12 mrem/yr, which achieves a 3x10-4 cancer morbidity risk (EPA, 2014).  

Under this guidance, a radium benchmark dose would need to equal 12 mrem/yr or less; if not, 12 

mrem/yr would ‘override’ the radium benchmark dose as the CERCLA site cleanup level.  This 

fact is noted in OSWER Directive 9200.4-35P (EPA, 2000a); however, it considers 15 mrem/yr as 

presumptively protective of human health, which has been superseded by 12 mrem/yr per OSWER 

9285.6-20. As stated previously, this CERCLA risk assessment guidance is a potential TBC. 

3.1.2.3 MARSSIM 

The Multi-Agency Radiation Survey and Site Investigation Manual (MARSSIM) provides a multi-

agency (EPA, NRC, Department of Energy [DOE]) approach to conducting radiation surveys and 

investigations at potentially contaminated sites, with a focus on contaminated surface soil and 

building surfaces. The purpose of MARSSIM is to provide a standardized approach to 

demonstrating compliance with a dose- or risk-based regulation. MARSSIM does not establish 

cleanup criteria for reclamation of radioactively contaminated sites, but states that the affiliated 

agencies’ regulations and policies support 15 mrem/yr and/or 25 mrem/yr dose-based health-

protective standards (EPA, 2000b). EPA’s dose-based health protective standard was revised from 

15 mrem/yr to 12 mrem/yr in 2014 after the publication of MARSSIM; 12 mrem/yr is equivalent 
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to a carcinogenic morbidity risk of 3x10-4 (EPA, 2014). MARSSIM is guidance, not a promulgated 

standard, and thus is not an ARAR, though it may be applied as a TBC. 

3.1.2.4 OSHA 

The Occupational Safety and Health Administration (OSHA) has promulgated standards for the 

protection of workers who may be exposed to hazardous substances at Resource Conservation and 

Recovery Act (RCRA) or CERCLA sites (29 CFR Parts 1910.1096, 1910.120, and 1926.65). EPA 

requires compliance with OSHA standards in the NCP (40 CFR 300.150), but not through the 

ARAR process. Therefore, OSHA standards are not considered ARARs. Since the requirements, 

standards, and regulations of OSHA are not ARARs and cannot be waived, they would be 

complied with during the removal action. 

3.1.2.5 State Regulations 

Oklahoma has not promulgated standards or established guidelines for the protection from 

radiation in soils. Two states, Texas and New Mexico, have such standards and guidelines that 

may be instructive as TBCs for the Fansteel Site. Texas has promulgated standards for the 

protection from radiation in soils, while New Mexico has established guidelines for the cleanup 

and reclamation of existing uranium mining operations. Title 30 of the Texas Administrative Code 

(TAC), Section 336.1115(e), establishes soil cleanup standards for Ra-226 and Ra-228 at source-

material recovery facilities. Under Section 336.1115(e), outdoor areas are considered suitable for 

release for unrestricted use if the concentration of Ra-226 or Ra-228 in soil, averaged over any 

100 m2, does not exceed the background level by more than 5 pCi/g averaged over the first 15 cm 

of soil below the surface, and may not exceed the background level by more than 15 pCi/g, 

averaged over 15 cm-thick layers of soil more than 15 cm below the surface. 

Additionally, Section 336.1115(e) states that byproduct material containing concentrations of 

radionuclides other than radium in soil (e.g., natural uranium, natural thorium, lead-210) must not 

result in a total dose exceeding the dose from cleanup of radium-contaminated soil to the standard 

listed in the preceding paragraph and must be at levels that are as low as reasonably achievable 

(ALARA). This dose is referred to as the radium benchmark dose. Section 336.1115(e) is 

compatible with the NRC’s standards under 10 CFR Part 40 (NRC’s UMTRCA Rule) to address 
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uranium mill tailings and the NRC’s 1999 UMTRCA Rule Amendment Criterion 6(6) to Appendix 

A. 

New Mexico established guidance in 2016 to assist mine site responsible parties in addressing soil 

radiation at existing uranium mines as part of reclamation activities (New Mexico Energy, 

Minerals and Natural Resources Department [NMEMNRD] and New Mexico Environment 

Department [NMED], 2016). Surface reclamation of mine sites falls under the jurisdiction of the 

New Mexico Mining Act (NMMA). The NMMA is administered under the New Mexico Mining 

Commission (NMMC) regulations (19.10 New Mexico Administrative Code [NMAC]). The 

NMMC regulations apply to all currently-operating mines as well as to mines that operated for a 

minimum of 2 years between 1 January 1970 and 18 June 1993, which is the effective date of the 

NMMA.  

The guidance states that the goal of mitigating mine site radiation levels is to be compliant with 

40 CFR 192.12, 40 CFR 192.32, and 10 CFR 40, such that remedial actions shall provide 

reasonable assurance that:  

1. The concentration of Ra-226 in land averaged over any area of 100 m2 shall not exceed the 
background level by more than: 

a) 5 pCi/g, averaged over the first 15 cm of soil below the surface and  

b) 15 pCi/g, averaged over 15 cm-thick layers of soil more than 15 cm below the surface.  

2. Site post-reclamation radiation level (PRRL) for gamma radiation should not exceed the 
site-specific value of gamma radiation that correlates to 5 pCi/g Ra-226 above background 
at the 95th percentile value. For example, at an existing mine site, the value of gamma 
radiation that correlates to a maximum Ra-226 activity of 5 pCi/g above background in soil 
may be determined to be 20 μR/hr above background, which would then be designated as 
the site-specific PRRL.  

3. For sites at which contaminated material exceeding the target radium activity level 
discussed above is emplaced in an on-site repository, cover material for the repository must 
achieve radon flux equal or less than 20 pCi/m2-s. 

The New Mexico guidelines do not include the radium benchmark approach under the NRC’s 

UMTRCA Rule amendment Criterion 6(6) to Appendix A. The Texas regulations and New 

Mexico guidelines are state-specific and cannot be ARARs for the Fansteel Site.  However, both 

are potential TBCs.  
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3.1.2.6 Summary of ARARs and TBCs 

A summary of potential ARARs and TBCs described in Sections 3.1.2.1 through 3.1.2.5 is 

provided in Table 3-1. 

Table 3-1 
Potential ARARs and TBCs 

Agency Description and 
Reference Standard Potential ARAR 

 or TBC? 

EPA 
40 CFR 192 

UMTRCA Rule 

Per 100 m2, 5 pCi/g Ra-226 for 
surface/ subsurface or 15 pCi/g 
below 15 cm for discrete, high-

activity pockets.  
Rn-222 flux of 20 pCi/m2-s for 

cover material. 

Yes, ARAR 

EPA 

40 CFR 300.430 
CERCLA RI/FS 

Process and 
Guidance 

None; Soil action levels can be 
developed via PRG Calculator to 
achieve cancer risk between 10-4 
and 10-6. Guidance proposes max 
12 mrem/yr target dose for dose-

based ARARs as protective, equal to 
risk of 3x10-4 

Yes, ARAR (RI/FS 
Process); TBC 

(Guidance) 

NRC 
10 CFR 20, Part E 

(20.1403) 

With institutional controls, TEDE 
above background of 25 mrem/yr; 

100 mrem/yr if controls removed or 
500 mrem/yr if conditions met. 

Yes, ARAR (EPA 
CERCLA Guidance 
of 12 mrem/yr may 
'overide' as TBC) 

NRC 

10 CFR 40 
UMTRCA Rule 

plus Criterion 6(6) 
to Appendix A 

Same as EPA UMTRCA Rule, plus 
Radium Benchmark Dose (Target 

dose from all residual radioisotopes, 
excluding radon, = dose from 5 

pCi/g Ra-226) 

Yes, ARAR 

EPA, NRC, 
DOE 

MARSSIM; joint 
guidance to meet 

Agencies’ 
radiation 

regulations for soil 
and structures 

None; supports EPA (12 mrem/yr) 
and DOE/NRC (25 mem/yr) 

protective dose targets 
Yes, TBC 

OSHA 
29 CFR Part 
1910.1096 

None; Rad Worker exposure 
standard of 5,000 mrem/yr 

No 

Texas 
TAC Section 
336.1115(e) 

Similar to NRC UMTRCA standard Yes, TBC 
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Agency Description and 
Reference Standard Potential ARAR 

 or TBC? 

New Mexico 19.10 NMAC Similar to EPA UMTRCA standard Yes, TBC 

Oklahoma - No soils standard or guidance - 

 

3.2 NON-RADIOLOGICAL RISK 

Given time and budget constraints for this streamlined risk characterization, the non-radiological 

risk (metals, PCBs, SVOCs) posed by the soils stockpile was not evaluated.  Given the nature of 

the stockpile as having a reasonably known extent of contamination, both horizontally and 

vertically, any removal action contemplated to address the radiological risk of the stockpile will 

also address the non-radiological risk.      

4 CLEANUP LEVEL 

Three potential radiological risk-associated ARARs described in Sections 3.1.2.1 and 3.1.2.2 

require additional calculations to show compliance with their requirements. The potential ARARs 

are the 40 CFR 192.32(a)(4) standard, which requires calculation of a cover-thickness that would 

achieve Rn-222 flux of 20 pCi/m2-s; 10 CFR 40 Criterion 6(6) to Appendix A, which requires 

calculation of a Radium Benchmark Dose and then Single Radionuclide Guideline Level 

concentrations for all present residual radionuclides that would, combined, achieve the Radium 

Benchmark Dose; and 40 CFR 300.430, which requires, if the soil stockpile were left in place, 

calculation of a cover-thickness that would achieve a cancer morbidity risk of 10-4 to 10-6.  

4.1 REPOSITORY COVER THICKNESS FOR RN-222 FLUX 

Pursuant to 40 CFR 192.32(a)(4) as a potential relevant and appropriate requirement at the Site, a 

repository cover thickness that would achieve Rn-222 flux of 20 pCi/m2-s, given the soils stockpile 

maximum sample radium result of 88.1 pCi/g, was calculated using formulas from NRC 

Regulatory Guide 3.64 (NRC, 1989).  A sufficient cover thickness was calculated to be: 

60 cm (approximately 2 feet). 
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However, since it is unknown how representative the single grab soil sample is of the stockpile, 

cover thicknesses were calculated to achieve Rn-222 flux of 20 pCi/m2/s for radium concentrations 

that range from less than to greater than 88.1 pCi/g.  

23 cm (approximately 0.75 feet), assuming 44 pCi/g Ra-226 
40 cm (approximately 1.31 feet), assuming 60 pCi/g Ra-226 
67 cm (approximately 2.20 feet), assuming 100 pCi/g Ra-226 
78 cm (approximately 2.56 feet), assuming 125 pCi/g Ra-226 

The repository cover-thickness calculation results are provided as Attachment 4. 

4.2 RADIUM BENCHMARK DOSE 

Pursuant to 10 CFR 40, Criterion 6(6) to Appendix A as a potential relevant and appropriate 

requirement at the Site, a Radium Benchmark Dose was calculated using DOE’s Residential 

Radioactive (RESRAD) On-Site Code (Argonne National Laboratory, 2016).  The same Outdoor 

Worker scenario was established in RESRAD as the one used for the risk calculation in the PRG 

Calculator in Section 4.1, with three pathways of exposure: (1) incidental ingestion of soil; 

(2) inhalation of soil particulates; and (3) external exposure to gamma radiation in soil. To the 

maximum extent possible, the default parameter values in the PRG Calculator Outdoor Worker 

scenario were used; otherwise, RESRAD default values were used, which also represent 

reasonable maximum exposure values. PRG Calculator default values for inhalation rate, exposure 

duration, outdoor and indoor time fractions, and soil ingestion rate were able to be used as 

RESRAD input parameters. A site-specific, contaminated area of 2,000 m2 was used, the 

approximate size of the soils stockpile (the area of the soils stockpile is approximately 2,800 m2 

[conversation with Site personnel]; however, the PRG Calculator requires selection of 

‘contaminated area’ from a pre-set menu that includes the closest available values of 2,000 m2 and 

5,000 m2). The input values are provided in Attachment 5. 

The Radium Benchmark Dose for an Outdoor Worker exposed to 5 pCi/g of Ra-226 calculated to:  

8.41 mrem/yr at t=0.0 years.  

Note that this value is below the recommended maximum protective dose per CERCLA guidance 

(EPA, 2014) of 12 mrem/yr. The RESRAD Radium Benchmark Dose output is provided in 

Attachment 5. 
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Using the Radium Benchmark Dose of 8.41 mrem/yr, Single Radionuclide Guideline Level 

(SRGL) concentrations were then calculated with the RESRAD On-Site Code for radionuclides in 

the U-238, Th-232, and U-235 decay chains. The same input parameter values as described for 

calculation of the Radium Benchmark Dose for an Outdoor Worker were used in the calculations.  

The SRGL concentrations at the time of maximum dose (t=0.0 years) can be found in the RESRAD 

output provided in Attachment 6 (page 24) and in Table 4-1.   

The SRGLs are the concentrations at which each subject radionuclide would alone produce a dose 

equivalent to the radium benchmark dose of 8.41 mrem/yr. The SRGL concentrations should be 

used with the Unity Rule to ensure that the sum of the ratios of each radioisotope to its SRGL 

equals less than Unity, i.e., ‘1’. 

Table 4-1 
Single Radionuclide Guideline Levels 

Target Maximum Acceptable Dose = Radium Benchmark Dose = 8.41 mrem/yr 

Uranium-238 Decay Chain 

 picocuries per gram 
(pCi/g) 

U-238 281 

U-234 3,382 

Th-230 418 

Ra-226 5.00 

Pb-210 243 

Po-210 647 

Uranium-235 Decay Chain 

U-235 61.0 

Thorium-232 Decay Chain 

Th-232 104 

Ra-228 8.19 

Th-228 7.03 
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As an alternative to the SRGLs, a ‘cumulative’ action level for Ra-226 can be calculated that 

accounts for all risk from the U-238, U-235, and Th-232 decay chains, under the assumption that 

the ratios of the concentrations of other radioisotopes in each of these decay chains to the Ra-226 

concentration in the ESI soil stockpile sample are characteristic of the entire soil stockpile. To this 

end, a concentration of 1 pCi/g for Ra-226 and the ratio of the concentration of each radioisotope 

in Table 2-1 to the Ra-226 concentration were used as input concentration values in RESRAD. 

The total annual dose for these concentrations for an Outdoor Worker calculated to 2.26 mrem/yr 

at t = 0.0 years (see page 13 of Attachment 6).  Dividing 2.26 mrem/yr per 1 pCi/g of Ra-226 into 

the Radium Benchmark Dose value of 8.41 mrem/yr yields a ‘cumulative’ action level of:   

3.72 pCi/g of Ra-226. 

In this manner, the ‘cumulative’ action level for Ra-226 can be used without employing the Unity 

Rule. The ‘cumulative’ action level would provide a savings to post-removal, confirmation sample 

analytical costs by requiring analysis solely for Ra-226. 

4.3 CANCER MORBIDITY RISK RANGE OF 10-4 TO 10-6 

Pursuant to 40 CFR 300.430 as a potential relevant and appropriate requirement at the Site, a cover 

thickness that would achieve a cancer morbidity risk of 10-4 to 10-6, if the soils stockpile were left 

in place, was calculated with the maximum stockpile sample radium result of 88.1 pCi/g for an 

Outdoor Worker with the EPA PRG Calculator for Radionuclides (EPA, 2019).  A target 

maximum risk level of 3x10-4 was used based on OSWER Directive 92856.6-20 (EPA, 2014). To 

save time and effort, the calculation was performed using just Ra-226 and progeny, since it is, to 

a significant degree, the largest contributor of risk for an Outdoor Worker. A sufficient cover-

thickness was calculated to be: 

30 cm (approximately 1 foot) (2.7x10-4 risk). 

However, since it is unknown how representative the single, grab, soil sample is of the stockpile, 

cover-thicknesses were calculated to achieve 3x10-4 risk for radium concentrations that range from 

less than to greater than 88.1 pCi/g.  

18 cm (approximately 0.59 feet), assuming 44 pCi/g Ra-226 
26 cm (approximately 0.85 feet), assuming 60 pCi/g Ra-226 
30 cm (approximately 0.98 feet), assuming 100 pCi/g Ra-226 
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40 cm (approximately 1.31 feet), assuming 125 pCi/g Ra-226 

The stockpile cover-thickness calculation results are provided as Attachment 7. 

5 CONCLUSION 

Based on the analytical results of one soil sample collected at the soils stockpile on the Site during 

the April 2019 ESI, the radiological risk of the soils stockpile to an Outdoor Worker, using the 

Outdoor Worker template in EPA’s PRG Calculator for Radionuclides, equals 4.33x10-3, an order 

of magnitude greater than the largest value of the range within which EPA manages excess lifetime 

carcinogenic morbidity risk, 10-4 to 10-6.  Based on this risk, the radioisotopes of the U-238, U-

235, and Th-232 decay chains are COCs. Further, based on this risk, the soils stockpile meets the 

general definition of a principal threat waste.  

Pursuant to EPA’s UMTRCA Rule as a potential ARAR for an emergency removal at the Site, a 

cover-thickness for a remedy that would include capping the soils stockpile in place was calculated 

using radon flux formulas in NRC Regulatory Guide 3.6.4 to equal 60 cm (approximately 2 feet).  

Additional cover-thicknesses were calculated assuming varying representative Ra-226 

concentrations of the soils stockpile other than a single, grab sample result; using Ra-226 

concentrations of 44, 60, 100, and 125 pCi/g, cover-thicknesses ranged from 23 cm (0.75 feet) to 

78 cm (2.56 feet).  

Pursuant to 40 CFR 300.430 as a potential ARAR for an emergency removal at the Site, a cover-

thickness for a remedy that would include capping the soils stockpile in place was calculated with 

the EPA PRG Calculator for Radionuclides to equal 30 cm (approximately 1 foot).  Additional 

cover-thicknesses were calculated assuming varying representative Ra-226 concentrations of the 

soils stockpile other than a single grab sample result; using Ra-226 concentrations of 44, 60, 100, 

and 125 pCi/g, cover-thicknesses ranged from 18 cm (0.59 feet) to 40 cm (1.31 feet). 

Thus, for a potential remedy of capping the soils stockpile in place, assuming a possible range of 

Ra-226 concentrations from 44 pCi/g to 125 pCi/g represent the stockpile accurately, soil cover-

thicknesses ranging from 18 cm (approximately 0.6 feet) to 78 cm (approximately 2.6 feet) 

would provide protection required if EPA’s UMTRCA Rule and 40 CFR 300.430 were considered 

ARARs and/or TBCs. 
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Finally, pursuant to NRC’s UMTRCA Rule Criterion 6(6) to Appendix A as a potential ARAR for 

a remedy that would include removal of the soils stockpile (e.g., for off-site disposal), a radium 

benchmark dose was calculated with DOE’s RESRAD On-Site 7.2 Code to equal 8.41 mrem/yr; 

associated SRGLs were also calculated with RESRAD and are provided in Table 4-1. Finally, as 

an alternative to the SRGLs, and as a potential analytical cost-saving measure, a ‘cumulative’ 

action level for Ra-226 that accounts for all residual radionuclide risk at the Site was calculated 

with RESRAD to equal 3.72 pCi/g of Ra-226. 

Given time and budget constraints for this streamlined risk characterization, the non-radiological 

risk posed by the soils stockpile was not evaluated.  Given the nature of the stockpile as having a 

reasonable known extent of contamination both horizontally and vertically, however, any removal 

action contemplated to address the radiological risk of the stockpile will also address the non-

radiological risk.   
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Analyte

SCDM
 Benchmark

(lowest value)

Backgroud 
 (SED-BKG)

or RL CAS.NO Units

Station
Sample ID

Date
Type

SVOC
1,1Â´-Biphenyl  - 8.1 92-52-4 ug/kg --

2,3,4,6-Tetrachlorophenol  - 8.1 58-90-2 ug/kg --

2,4,6-Trichlorophenol 8.1 88-06-2 ug/kg --

2,4-Dichlorophenol 4000 8.1 120-83-2 ug/kg --

2-Methylnaphthalene 6000 8.1 91-57-6 ug/kg --

3&4-Methylphenol 100000 8.1 3/4-CRESOL ug/kg --

Acenaphthene 90000 4.1 83-32-9 ug/kg --

Anthracene 400000 4.1 120-12-7 ug/kg --

Benz(a)anthracene 40 4.1 56-55-3 ug/kg --

Benzaldehyde  - 8.1 100-52-7 ug/kg --

Benzo(a)pyrene 4 4.1 50-32-8 ug/kg --

Benzo(b)fluoranthene  - 4.1 205-99-2 ug/kg --

Benzo(g,h,i)perylene  - 4.1 191-24-2 ug/kg --

Benzo(k)fluoranthene 400 4.1 207-08-9 ug/kg --

Bis(2-ethylhexyl)phthalate 290 8.1 117-81-7 ug/kg --

Butyl benzyl phthalate 2100 8.1 85-68-7 ug/kg --

Carbazole  - 8.1 86-74-8 ug/kg --

Chrysene 4000 4.1 218-01-9 ug/kg --

Dibenz(a,h)anthracene 4 4.1 53-70-3 ug/kg --

Dibenzofuran 1000 4.1 132-64-9 ug/kg --

Di-n-butyl phthalate 100000 8.1 84-74-2 ug/kg --

Fluoranthene 60000 4.1 206-44-0 ug/kg --

Fluorene 60000 4.1 86-73-7 ug/kg --

Indeno(1,2,3-cd)pyrene 400 4.1 193-39-5 ug/kg --

Naphthalene 30000 4.1 91-20-3 ug/kg --

Pentachlorophenol 10 8.1 87-86-5 ug/kg --

Phenanthrene  - 4.1 85-01-8 ug/kg --

Pyrene 40000 4.1 129-00-0 ug/kg --

PCBs
Aroclor-1254 2 21 11097-69-1 ug/Kg-dry --

VOC
Toluene 100,000 5 108-88-3 ug/Kg-dry --

9.5 U 9.8 U 9.2 U 4 JQ 1.9 U

16 U 17 U 16 U 3.3 U 3.3 U

9.5 U 9.8 U 9.2 U 1.9 U 1.9 U

7.3 U 7.5 U 7 U 1.5 U 1.5 U

2.8 U 2.9 U 19 8.1 0.57 U

5.6 U 5.8 U 5.4 U 1.1 U 1.1 U

2.8 U 2.9 U 2.7 U 50 JK 0.57 UJK

3 JQ 7.2 JQ 2.7 U 130 JK 1.8 JQK

13 JQ 9.3 U 8.7 U 330 JK 7 JK

38 n 6.9 U 6.5 U 1.4 U 1.4 U

13 JQ 8.2 JQ 14 JQ 280 JK 7.6 JK

18 JQ 18 JQ 6.5 U 360 JK 11 JK

3.9 U 4.1 U 3.8 U 170 JK 5.2 JK

14 JQ 6.4 JQ 12 JQ 160 JK 6.7 JK

19 JQ 12 JQ 39 8.4 3.5 JQ

7.3 U 7.5 U 7 U 1.5 U 1.5 U

6.7 U 6.9 U 6.5 U 110 JK 1.4 U

19 12 JQ 4.3 U 370 JK 10 JK

9 U 9.3 U 8.7 U 84 JK 1.8 U

3.9 U 6.9 JQ 3.8 U 34 JK 0.8 U

6.7 U 6.9 U 6.5 U 3.9 JQ 6.4 JQ

35 21 16 JQ 720 JK 17 JK

6.2 U 10 JQ 6 U 42 JK 1.3 UJK

8.5 JQ 4.6 U 4.3 U 200 JK 0.91 UJK

3.4 U 3.5 U 3.2 U 11 0.68 U

19 U 19 U 18 U 3.8 U 3.8 U

23 49 18 JQ 620 JK 8.9 JK

28 16 JQ 25 580 JK 17 JK

19 U 20 U 19 U 5.4 UJK 210 JK

6 JQ 2.4 U 1.8 U 1.7 JQ 1.5 JQ

P9
SED-P9-20190408

4/8/2019
Field Sample

SS
SS-STP-20190408

4/8/2019
Field Sample

SS
SS-DUP1-20190408

4/8/2019
Field Duplicate

P8
SED-P8-20190408

4/8/2019
Field Sample

P8
SED-DUP1-20190408

4/8/2019
Field Duplicate

I I I I I I I I I I I I I I I 

I I I I I I I I I I I I I I I 
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Analyte

SCDM
 Benchmark

(lowest value)

Backgroud 
 (SED-BKG)

or RL CAS.NO Units

Station
Sample ID

Date
Type

Metals
Aluminum 7390 7429-90-5 mg/Kg-dry --

Antimony 0.605 7440-36-0 mg/Kg-dry --

Arsenic 0.0027 0.865 7440-38-2 mg/Kg-dry --

Barium 300 23.4 7440-39-3 mg/Kg-dry --

Beryllium 3 0.605 7440-41-7 mg/Kg-dry --

Cadmium 0.7 0.605 7440-43-9 mg/Kg-dry --

Calcium  - 568 7440-70-2 mg/Kg-dry --

Chromium 0.0083 2.69 7440-47-3 mg/Kg-dry --

Cobalt 0.4 0.904 7440-48-4 mg/Kg-dry --

Copper 60 0.548 7440-50-8 mg/Kg-dry --

Iron 1000 2230 7439-89-6 mg/Kg-dry --

Lead  - 1.79 7439-92-1 mg/Kg-dry --

Magnesium  - 235 7439-95-4 mg/Kg-dry --

Manganese 210 44.2 7439-96-5 mg/Kg-dry --

Nickel 30 6.3 7440-02-0 mg/Kg-dry --

Potassium  - 151 2023695 mg/Kg-dry --

Selenium 7 0.167 7782-49-2 mg/Kg-dry --

Silver 7 0.605 7440-22-4 mg/Kg-dry --

Sodium  - 96.8 7440-23-5 mg/Kg-dry --

Zinc 400 4.21 7440-66-6 mg/Kg-dry --

Mercury 240 0.974 7439-97-6 ug/Kg-dry --

Cyanide- Total 0.9 2.45 57-12-5 mg/Kg-dry --

RAD*
Ra-226 3,950 0.7 13982-63-3 pCi/g --

Ra-228 1,420 0.92 15262-20-1 pCi/g --

Th-228 4,820 0.98 14274-82-9 pCi/g --

Th-230 17,100 0.56 14269-63-7 pCi/g --

Th-232 15,300 1.05 7440-29-1 pCi/g --

U-234 21,300 0.49 13966-29-5 pCi/g --

U-235 20,800 0.026 15117-96-1 pCi/g --

U-238 16,800 0.52 7440-61-1 pCi/g --

Note:

ug/L - microgram per liter, mg/L - milligram per liter , 

pCi/g - picocurie per gram

U - Analyzed but not detected

J - Analyte detected below Quantitation Limit

H - Biased high

L - Biased low

K - Unknown bias

Q - The reported concentration is less than the sample quantitation limit for the specific analyte in the sample.

Highlighted yellow - Above 3x Background or R

Highlighted orange - above lowest SCDM benchmark

* Rad results compared to 3x background or RL, not 2 standard deviations above the mean

P9
SED-P9-20190408

4/8/2019
Field Sample

SS
SS-STP-20190408

4/8/2019
Field Sample

SS
SS-DUP1-20190408

4/8/2019
Field Duplicate

P8
SED-P8-20190408

4/8/2019
Field Sample

P8
SED-DUP1-20190408

4/8/2019
Field Duplicate

26300 31200 37800 21800 22300
0.686 JQL 0.908 JQL 1.13 JQL 0.372 JQL 0.484 JQL

19 19.6 21.3 6.06 6.38
125 156 133 690 JK 401 JK

8.87 10.4 13.8 0.927 0.979
1.64 1.85 2.78 0.277 JQL 0.324 JQ 

259000 JL 261000 JL 258000 JL 7040 JL 8640 JL

299 JL 352 JL 1080 JL 66.8 JK 39.2 JK

9.8 11.7 19 5.14 4.91
12.7 14.1 19 12 11

16000 22500 32200 16700 12600
9.96 12.1 10.5 113 116
7590 6500 4890 2410 2250
7660 9070 15000 390 326
47.1 JL 46.5 JL 73.1 JL 24.4 JL 19.3 JL

1580 JL 2120 JL 1310 JL 4420 JL 4480 JL

4.9 5.31 5.21 4.93 5.42
2.7 3.09 5.05 1.58 2.23

1200 1460 1190 1030 1480
108 JK 194 JK 153 JL 52 JL 39.4 JL

41.6 75.8 47 199 181
1.24 JQ 1.18 J 0.93 JQ 0.326 U 0.314 U

12 13.1 28 88.1 81.5
12.7 12.4 25.7 18 15.2
13.1 13.9 26.3 16.1 18.5
15.7 17 29.4 63 72
13.4 14.1 23.6 15.8 18.6
75 93 267 JL 42.7 47.3

3.65 4.2 12.2 JL 2.48 2.69
78 94 279 JL 44.5 48.7

USEPA REGIONI 6 

delhommk
Rectangle
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Rectangle



ATTACHMENT 2 
URANIUM AND THORIUM DECAY CHAINS  



Argonne National Laboratory, EVS                                            Human Health Fact Sheet, August 2005 
 

 

Natural Decay Series: 
Uranium, Radium, and Thorium 

 
Uranium, radium, and thorium occur in three natural decay series, headed by uranium-238, thorium-232, 
and uranium-235, respectively.  In nature, the radionuclides in these three series are approximately in a 
state of secular equilibrium, in which the activities of all radionuclides within each series are nearly equal.   
 
Two conditions are necessary for secular equilibrium.  First, the parent radionuclide must have a half-life 
much longer than that of any other radionuclide in the series.  Second, a sufficiently long period of time 
must have elapsed, for example ten half-lives of the decay product having the longest half-life, to allow 
for ingrowth of the decay products (see the companion fact sheet on Ionizing Radiation).  Under secular 
equilibrium, the activity of the parent radionuclide undergoes no appreciable changes during many half-
lives of its decay products. 
 
The radionuclides of the uranium-238, thorium-232, and uranium-235 decay series are shown in Figures 
N.1, N.2, and N.3, along with the major mode of radioactive decay for each.  Radioactive decay occurs 
when an unstable (radioactive) isotope transforms to a more stable isotope, generally by emitting a 
subatomic particle such as an alpha or beta particle.  Radionuclides that give rise to alpha and beta 
particles are shown in these figures, as are those that emit significant gamma radiation.   
 
Gamma radiation is not a mode of radioactive decay (such as alpha and beta decay).  Rather, it is a 
mechanism by which excess energy is emitted from certain radionuclides, i.e., as highly energetic 
electromagnetic radiation emitted from the nucleus of the atom.  For simplicity, only significant gamma 
emissions associated with the major decay modes are shown in Figures N.1 through N.3; that is, 
radionuclides listed are those for which the radiation dose associated with gamma rays may pose a health 
concern.  The gamma component is not shown for those radionuclides whose gamma emissions do not 
generally represent a concern. 
 
Of the two conditions noted above for secular equilibrium, the first is generally met for the uranium-238, 
thorium-232 and uranium-235 decay series in naturally occurring ores.  While the second condition may 
not be met for all ores or other deposits of uranium and thorium (given the extremely long half-lives for 
the radionuclides involved and the geological changes that occur over similar time scales), it is reasonable 
to assume secular equilibrium for naturally occurring ores to estimate the concentrations of the various 
daughter radionuclides that accompany the parent.  The state of secular equilibrium in natural uranium 
and thorium ores is significantly altered when they are processed to extract specific radionuclides.     
 
After processing, radionuclides with half-lives less than one year will reestablish equilibrium conditions 
with their longer-lived parent radionuclides within several years.  For this reason, at processing sites what 
was once a single, long decay series (for example the series for uranium-238) may be present as several 
smaller decay series headed by the longer-lived decay products of the original series (that is, headed by 
uranium-238, uranium-234, thorium-230, radium-226, and lead-210 in the case of uranium-238).  Each of 
these sub-series can be considered to represent a new, separate decay series.  Understanding the physical 
and chemical processes associated with materials containing uranium, thorium, and radium is important 
when addressing associated radiological risks. 
 
In the fact sheets developed for uranium, radium, and thorium, the contributions of radionuclides having 
half-lives less than one year were included in the risk coefficients.  (Each fact sheet identifies which 
radionuclides are included in these coefficients.)  In some situations, it may be necessary to add the 
radiological risk identified for a given radionuclide to that of its parent radionuclide to properly represent 
the total risk.  For example, the radiological risk for thorium-232 is comprised of the risk for thorium-232 
plus the risk for radium-228.   Decay series information should be used together with the information in 
these fact sheets to ensure that the radiological risks associated with uranium, radium, and thorium are 
properly estimated and represented. 



α 77,000 years

Protactinium-234m

FIGURE N.1  Natural Decay Series:  Uranium-238

β

Argonne National Laboratory, EVS Human Health Fact Sheet, August 2005

NOTES:

The symbols α and β indicate alpha and beta 
decay, and the times shown are half-lives.  

An asterisk indicates that the isotope is also 
a significant gamma emitter.  

Uranium-238 also decays by spontaneous 
fission.

Uranium-234

Thorium-230

α 240,000 years

Radium-226

Radon-222

α 1,600 years

α 3.8 days

Uranium-238

Thorium-234

α 4.5 billion years

24 days

β

1.2 minutes

Bismuth-210

Polonium-210

α 140 days

22 years

β
5.0 days

Lead-206 (stable)

Bismuth-214*

Polonium-214

α 160 microseconds

27 minutes

β

20 minutes

Lead-210

Polonium-218

α 3.1 minutes

Lead-214*

β β



FIGURE N.2 Natural Decay Series: Uranium-235

Uranium-235*

Protactinium-231*

Actinium-227

Thorium-231

α

α

700 million years

33,000 years

26 hours

β

Thorium-227*

Radium-223*

α 19 days

22 years
(99%)

β

Lead-211*

Bismuth-211*

36 minutes

β

Polonium-215

α 1.8 milliseconds

NOTES:

The symbols α and β indicate alpha and beta 
decay, and the times shown are half-lives.  

An asterisk indicates that the isotope is also 
a significant gamma emitter.  

Radon-219*

α 4.0 seconds

Francium-223*

α

22 minutes

β α 11 days

22 years
(1%)

Thallium-207

Lead-207 (stable)

4.8 minutes

β

α 2.1 minutes

Argonne National Laboratory, EVS Human Health Fact Sheet, August 2005



α 3.7 days

Actinium-228*

β

Thorium-228

Radium-224

α 1.9 years

Radon-220

α 56 seconds

Thorium-232

Radium-228

α 14 billion years

5.8 years

β

6.1 hours

Polonium-212

α 310 nanoseconds

Lead-208 (stable)

Bismuth-212*

11 hours

β

61 minutes
(64%)

Polonium-216

α 0.15 seconds

Lead-212*

β
61 minutes 
(36%)

α

Thallium-208*

β

3.1 minutes

FIGURE N.3 Natural  Decay Series:  Thorium-232

NOTES:

The symbols α and β indicate alpha and beta 
decay, and the times shown are half-lives.  

An asterisk indicates that the isotope is also 
a significant gamma emitter.  

Argonne National Laboratory, EVS Human Health Fact Sheet, August 2005



ATTACHMENT 3 
PRG CALCULATOR RISK CALCULATION RESULT  



Output generated   06AUG2020:16:48:15

Site-specific 1
Outdoor Worker Soil Inputs

Variable

Outdoor
Worker

Soil
Default
Value

Form-input
Value

A (PEF Dispersion Constant) 16.2302 16.2302
B (PEF Dispersion Constant) 18.7762 18.7762
City (Climate Zone) Default Default
C (PEF Dispersion Constant) 216.108 216.108
Cover layer thickness for GSF (gamma shielding factor) cm 0 cm 0 cm
F(x) (function dependent on U

m
/U

t
) unitless 0.194 0.194

PEF (particulate emission factor) m 3/kg 1359344438 1359344438
Q/C

wind
 (g/m2-s per kg/m 3) 93.77 93.77

A
s
 (acres) 0.5 0.5

Slab size for ACF (area correction factor) m 2 1000029 m 2 2000 m 2

ED
ow

 (exposure duration - outdoor worker) yr 25 25
EF

ow
 (exposure frequency - outdoor worker) day/yr 225 225

ET
ow

 (exposure time - outdoor worker) hr/day 8 8
IRA

ow
 (inhalation rate - outdoor worker) m 3/day 60 60

IRS
ow

 (soil intake rate - outdoor worker) mg/day 100 100
t

ow
 (time - outdoor worker) yr 25 25

TR (target cancer risk) unitless 1.0E-06 1.0E-06
U

m
  (mean annual wind speed) m/s 4.69 4.69

U
t
  (equivalent threshold value) 11.32 11.32

V  (fraction of vegetative cover) unitless 0.5 0.5



Output generated   06AUG2020:16:48:15

Site-specific 2

Outdoor Worker PRGs for Soil - Secular Equilibrium

Isotope

Ingestion
PRG

TR=1E-06
(pCi/g)

Inhalation
PRG

TR=1E-06
(pCi/g)

External
Exposure

PRG
TR=1E-06

(pCi/g)

Total
PRG

TR=1E-06
(pCi/g)

Secular Equilibrium PRG for U-238 7.06E-01 8.35E+01 2.71E-02 2.61E-02



Output generated   06AUG2020:16:48:15

Site-specific 3

Outdoor Worker Individual Contribution PRGs for Soil - Secular Equilibrium

Isotope Parent

Fractional
Contribution
of Progeny

ICRP
Lung

Absorption
Type

Inhalation
Slope
Factor

(risk/pCi)

External
Exposure

Slope
Factor
(risk/yr

per
pCi/g)

Adult
Soil

Ingestion
Slope
Factor

(risk/pCi)
Lambda

(1/yr)
Halflife

(yr)
Secular Equilibrium PRG for U-238 U-238 - - - - - -
At-218 U-238 2.00E-04 - 0.00E+00 2.74E-11 0.00E+00 1.46E+07 4.76E-08
Bi-210 U-238 1.00E+00 S 4.55E-10 2.77E-09 3.74E-12 5.05E+01 1.37E-02
Bi-214 U-238 1.00E+00 S 6.18E-11 7.34E-06 1.47E-13 1.83E+04 3.79E-05
Hg-206 U-238 1.90E-08 - 0.00E+00 4.83E-07 0.00E+00 4.47E+04 1.55E-05
Pa-234 U-238 1.60E-03 S 1.20E-12 6.62E-06 9.66E-13 9.06E+02 7.65E-04
Pa-234m U-238 1.00E+00 - 0.00E+00 9.06E-08 0.00E+00 3.11E+05 2.23E-06
Pb-210 U-238 1.00E+00 S 1.59E-08 1.48E-09 5.99E-10 3.12E-02 2.22E+01
Pb-214 U-238 1.00E+00 S 7.77E-11 9.94E-07 2.21E-13 1.36E+04 5.10E-05
Po-210 U-238 1.00E+00 S 1.45E-08 4.51E-11 1.44E-09 1.83E+00 3.79E-01
Po-214 U-238 1.00E+00 - 0.00E+00 3.85E-10 0.00E+00 1.33E+11 5.21E-12
Po-218 U-238 1.00E+00 - 1.39E-11 6.84E-15 0.00E+00 1.17E+05 5.90E-06
Ra-226 U-238 1.00E+00 S 2.82E-08 2.50E-08 2.95E-10 4.33E-04 1.60E+03
Rn-218 U-238 2.00E-07 - 0.00E+00 3.39E-09 0.00E+00 6.24E+08 1.11E-09
Rn-222 U-238 1.00E+00 - 2.28E-12 1.69E-09 0.00E+00 6.62E+01 1.05E-02
Th-230 U-238 1.00E+00 F 3.41E-08 8.45E-10 7.73E-11 9.19E-06 7.54E+04
Th-234 U-238 1.00E+00 S 3.08E-11 1.77E-08 9.51E-12 1.05E+01 6.60E-02
Tl-206 U-238 1.34E-06 - 0.00E+00 6.11E-09 0.00E+00 8.67E+04 7.99E-06
Tl-210 U-238 2.10E-04 - 0.00E+00 1.34E-05 0.00E+00 2.80E+05 2.47E-06
U-234 U-238 1.00E+00 S 2.78E-08 2.53E-10 5.11E-11 2.82E-06 2.46E+05
U-238 U-238 1.00E+00 S 2.36E-08 1.24E-10 4.66E-11 1.55E-10 4.47E+09

http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=At-218
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Bi-210
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Bi-214
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Hg-206
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Pa-234
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Pa-234m
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Pb-210
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Pb-214
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Po-210
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Po-214
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Po-218
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Ra-226
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Rn-218
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Rn-222
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Th-230
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Th-234
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Tl-206
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Tl-210
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=U-234
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=U-238


Output generated   06AUG2020:16:48:15

Site-specific 4

Outdoor Worker Individual Contribution PRGs for Soil - Secular Equilibrium

Isotope

2000 m 2

Soil
Volume

Area
Correction

Factor

0 cm
Soil

Volume
Gamma

Shielding
Factor

Particulate
Emission

Factor
(m3/kg)

Ingestion
PRG

TR=1E-06
(pCi/g)

Inhalation
PRG

TR=1E-06
(pCi/g)

External
Exposure

PRG
TR=1E-06

(pCi/g)

Total
PRG

TR=1E-06
(pCi/g)

Total
PRG

TR=1E-06
(mg/kg)

Secular Equilibrium PRG for U-238 - - - 7.06E-01 8.35E+01 2.71E-02 2.61E-02 -
At-218 9.00E-01 1.00E+00 1.36E+09 - - 3.94E+07 3.94E+07 7.37E-25
Bi-210 8.04E-01 1.00E+00 1.36E+09 4.76E+02 2.66E+04 8.75E+01 7.37E+01 1.10E-13
Bi-214 8.49E-01 1.00E+00 1.36E+09 1.21E+04 1.96E+05 3.12E-02 3.12E-02 7.26E-13
Hg-206 8.20E-01 1.00E+00 1.36E+09 - - 2.59E+07 2.59E+07 3.46E-22
Pa-234 8.55E-01 1.00E+00 1.36E+09 1.15E+06 6.30E+09 2.15E+01 2.15E+01 2.33E-14
Pa-234m 8.71E-01 1.00E+00 1.36E+09 - - 2.47E+00 2.47E+00 5.91E-16
Pb-210 9.05E-01 1.00E+00 1.36E+09 2.97E+00 7.61E+02 1.45E+02 2.90E+00 4.51E-09
Pb-214 8.34E-01 1.00E+00 1.36E+09 8.06E+03 1.56E+05 2.35E-01 2.35E-01 1.30E-13
Po-210 8.70E-01 1.00E+00 1.36E+09 1.24E+00 8.33E+02 4.96E+03 1.24E+00 1.80E-10
Po-214 8.69E-01 1.00E+00 1.36E+09 - - 5.82E+02 5.82E+02 5.37E-24
Po-218 9.00E-01 1.00E+00 1.36E+09 - 8.69E+05 3.16E+07 8.46E+05 4.26E-21
Ra-226 7.27E-01 1.00E+00 1.36E+09 6.04E+00 4.29E+02 1.07E+01 3.83E+00 2.65E-07
Rn-218 8.38E-01 1.00E+00 1.36E+09 - - 3.43E+08 3.43E+08 1.97E-27
Rn-222 8.58E-01 1.00E+00 1.36E+09 - 5.30E+06 1.34E+02 1.34E+02 4.86E-14
Th-230 9.62E-01 1.00E+00 1.36E+09 2.30E+01 3.55E+02 2.39E+02 1.98E+01 2.45E-06
Th-234 8.04E-01 1.00E+00 1.36E+09 1.87E+02 3.93E+05 1.36E+01 1.27E+01 3.40E-12
Tl-206 8.23E-01 1.00E+00 1.36E+09 - - 2.89E+07 2.89E+07 1.59E-22
Tl-210 8.54E-01 1.00E+00 1.36E+09 - - 8.09E+01 8.09E+01 1.80E-17
U-234 1.00E+00 1.00E+00 1.36E+09 3.48E+01 4.34E+02 7.68E+02 3.09E+01 5.20E-06
U-238 1.00E+00 1.00E+00 1.36E+09 3.81E+01 5.11E+02 1.57E+03 3.47E+01 8.58E-02

---------------------

http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=At-218
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Bi-210
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Bi-214
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Hg-206
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Pa-234
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Pa-234m
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Pb-210
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Pb-214
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Po-210
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Po-214
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Po-218
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Ra-226
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Rn-218
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Rn-222
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Th-230
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Th-234
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Tl-206
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Tl-210
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=U-234
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=U-238


Output generated   06AUG2020:16:48:15

Site-specific 5

Outdoor Worker Risk for Soil - Secular Equilibrium

Isotope
Ingestion

Risk
Inhalation

Risk

External
Exposure

Risk
Total
Risk

*Secular Equilibrium Risk for U-238 6.90E-05 5.83E-07 1.80E-03 1.87E-03
*Total Risk 6.90E-05 5.83E-07 1.80E-03 1.87E-03

http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=*Total Risk


Output generated   06AUG2020:16:48:15

Site-specific 6

Outdoor Worker Individual Risk Contributions for Soil - Secular Equilibrium

Isotope

ICRP
Lung

Absorption
Type

Inhalation
Slope
Factor

(risk/pCi)

External
Exposure

Slope
Factor
(risk/yr

per
pCi/g)

Adult
Soil

Ingestion
Slope
Factor

(risk/pCi)
Lambda

(1/yr)
Halflife

(yr)

2000 m 2

Soil
Volume

Area
Correction

Factor

0 cm
Soil

Volume
Gamma

Shielding
Factor

*Secular Equilibrium Risk for U-238 - - - - - - -
At-218 - 0.00E+00 2.74E-11 0.00E+00 1.46E+07 4.76E-08 9.00E-01 1.00E+00
Bi-210 S 4.55E-10 2.77E-09 3.74E-12 5.05E+01 1.37E-02 8.04E-01 1.00E+00
Bi-214 S 6.18E-11 7.34E-06 1.47E-13 1.83E+04 3.79E-05 8.49E-01 1.00E+00
Hg-206 - 0.00E+00 4.83E-07 0.00E+00 4.47E+04 1.55E-05 8.20E-01 1.00E+00
Pa-234 S 1.20E-12 6.62E-06 9.66E-13 9.06E+02 7.65E-04 8.55E-01 1.00E+00
Pa-234m - 0.00E+00 9.06E-08 0.00E+00 3.11E+05 2.23E-06 8.71E-01 1.00E+00
Pb-210 S 1.59E-08 1.48E-09 5.99E-10 3.12E-02 2.22E+01 9.05E-01 1.00E+00
Pb-214 S 7.77E-11 9.94E-07 2.21E-13 1.36E+04 5.10E-05 8.34E-01 1.00E+00
Po-210 S 1.45E-08 4.51E-11 1.44E-09 1.83E+00 3.79E-01 8.70E-01 1.00E+00
Po-214 - 0.00E+00 3.85E-10 0.00E+00 1.33E+11 5.21E-12 8.69E-01 1.00E+00
Po-218 - 1.39E-11 6.84E-15 0.00E+00 1.17E+05 5.90E-06 9.00E-01 1.00E+00
Ra-226 S 2.82E-08 2.50E-08 2.95E-10 4.33E-04 1.60E+03 7.27E-01 1.00E+00
Rn-218 - 0.00E+00 3.39E-09 0.00E+00 6.24E+08 1.11E-09 8.38E-01 1.00E+00
Rn-222 - 2.28E-12 1.69E-09 0.00E+00 6.62E+01 1.05E-02 8.58E-01 1.00E+00
Th-230 F 3.41E-08 8.45E-10 7.73E-11 9.19E-06 7.54E+04 9.62E-01 1.00E+00
Th-234 S 3.08E-11 1.77E-08 9.51E-12 1.05E+01 6.60E-02 8.04E-01 1.00E+00
Tl-206 - 0.00E+00 6.11E-09 0.00E+00 8.67E+04 7.99E-06 8.23E-01 1.00E+00
Tl-210 - 0.00E+00 1.34E-05 0.00E+00 2.80E+05 2.47E-06 8.54E-01 1.00E+00
U-234 S 2.78E-08 2.53E-10 5.11E-11 2.82E-06 2.46E+05 1.00E+00 1.00E+00
U-238 S 2.36E-08 1.24E-10 4.66E-11 1.55E-10 4.47E+09 1.00E+00 1.00E+00

--------------------------------------------------------------------------------

http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=At-218
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Bi-210
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Bi-214
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Hg-206
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Pa-234
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Pa-234m
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Pb-210
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Pb-214
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Po-210
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Po-214
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Po-218
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Ra-226
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Rn-218
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Rn-222
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Th-230
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Th-234
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Tl-206
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Tl-210
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=U-234
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=U-238


Output generated   06AUG2020:16:48:15

Site-specific 7

Outdoor Worker Individual Risk Contributions for Soil - Secular Equilibrium

Isotope

Infinite Soil
Volume

Concentration
(pCi/g)

Ingestion
CDI

(pCi)

Inhalation
CDI

(pCi)

External
Exposure

CDI
(pCi)

Ingestion
Risk

Inhalation
Risk

External
Exposure

Risk
Total
Risk

*Secular Equilibrium Risk for U-238 - - - - 6.90E-05 5.83E-07 1.80E-03 1.87E-03
At-218 48.7 2.74E+04 4.03E+00 2.25E+02 0.00E+00 0.00E+00 1.24E-12 1.24E-12
Bi-210 48.7 2.74E+04 4.03E+00 2.01E+02 1.02E-07 1.83E-09 5.56E-07 6.61E-07
Bi-214 48.7 2.74E+04 4.03E+00 2.12E+02 4.03E-09 2.49E-10 1.56E-03 1.56E-03
Hg-206 48.7 2.74E+04 4.03E+00 2.05E+02 0.00E+00 0.00E+00 1.88E-12 1.88E-12
Pa-234 48.7 2.74E+04 4.03E+00 2.14E+02 4.23E-11 7.73E-15 2.27E-06 2.27E-06
Pa-234m 48.7 2.74E+04 4.03E+00 2.18E+02 0.00E+00 0.00E+00 1.97E-05 1.97E-05
Pb-210 48.7 2.74E+04 4.03E+00 2.26E+02 1.64E-05 6.40E-08 3.36E-07 1.68E-05
Pb-214 48.7 2.74E+04 4.03E+00 2.09E+02 6.04E-09 3.13E-10 2.07E-04 2.07E-04
Po-210 48.7 2.74E+04 4.03E+00 2.18E+02 3.93E-05 5.85E-08 9.81E-09 3.94E-05
Po-214 48.7 2.74E+04 4.03E+00 2.17E+02 0.00E+00 0.00E+00 8.37E-08 8.37E-08
Po-218 48.7 2.74E+04 4.03E+00 2.25E+02 0.00E+00 5.60E-11 1.54E-12 5.76E-11
Ra-226 48.7 2.74E+04 4.03E+00 1.82E+02 8.07E-06 1.13E-07 4.54E-06 1.27E-05
Rn-218 48.7 2.74E+04 4.03E+00 2.10E+02 0.00E+00 0.00E+00 1.42E-13 1.42E-13
Rn-222 48.7 2.74E+04 4.03E+00 2.15E+02 0.00E+00 9.19E-12 3.63E-07 3.63E-07
Th-230 48.7 2.74E+04 4.03E+00 2.41E+02 2.12E-06 1.37E-07 2.03E-07 2.46E-06
Th-234 48.7 2.74E+04 4.03E+00 2.01E+02 2.60E-07 1.24E-10 3.57E-06 3.83E-06
Tl-206 48.7 2.74E+04 4.03E+00 2.06E+02 0.00E+00 0.00E+00 1.68E-12 1.68E-12
Tl-210 48.7 2.74E+04 4.03E+00 2.14E+02 0.00E+00 0.00E+00 6.02E-07 6.02E-07
U-234 48.7 2.74E+04 4.03E+00 2.50E+02 1.40E-06 1.12E-07 6.34E-08 1.57E-06
U-238 48.7 2.74E+04 4.03E+00 2.50E+02 1.28E-06 9.53E-08 3.10E-08 1.40E-06

---------------------------------------------------------------------------------

http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=At-218
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Bi-210
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Bi-214
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Hg-206
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Pa-234
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Pa-234m
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Pb-210
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Pb-214
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Po-210
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Po-214
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Po-218
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Ra-226
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Rn-218
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Rn-222
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Th-230
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Th-234
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Tl-206
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Tl-210
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=U-234
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=U-238
delhommk
Text Box
The total risk for just U-238 through Pa-234 = 2.27E-06 + 1.97E-05 + 3.83E-06 + 1.57E-06 + 1.40E-06 =
2.88E-05

delhommk
Rectangle

delhommk
Rectangle

delhommk
Rectangle

delhommk
Rectangle

delhommk
Rectangle

delhommk
Rectangle



Output generated   06AUG2020:17:13:01

Site-specific 1
Outdoor Worker Soil Inputs

Variable

Outdoor
Worker

Soil
Default
Value

Form-input
Value

A (PEF Dispersion Constant) 16.2302 16.2302
B (PEF Dispersion Constant) 18.7762 18.7762
City (Climate Zone) Default Default
C (PEF Dispersion Constant) 216.108 216.108
Cover layer thickness for GSF (gamma shielding factor) cm 0 cm 0 cm
F(x) (function dependent on U

m
/U

t
) unitless 0.194 0.194

PEF (particulate emission factor) m 3/kg 1359344438 1359344438
Q/C

wind
 (g/m2-s per kg/m 3) 93.77 93.77

A
s
 (acres) 0.5 0.5

Slab size for ACF (area correction factor) m 2 1000029 m 2 2000 m 2

ED
ow

 (exposure duration - outdoor worker) yr 25 25
EF

ow
 (exposure frequency - outdoor worker) day/yr 225 225

ET
ow

 (exposure time - outdoor worker) hr/day 8 8
IRA

ow
 (inhalation rate - outdoor worker) m 3/day 60 60

IRS
ow

 (soil intake rate - outdoor worker) mg/day 100 100
t

ow
 (time - outdoor worker) yr 25 25

TR (target cancer risk) unitless 1.0E-06 1.0E-06
U

m
  (mean annual wind speed) m/s 4.69 4.69

U
t
  (equivalent threshold value) 11.32 11.32

V  (fraction of vegetative cover) unitless 0.5 0.5



Output generated   06AUG2020:17:13:01

Site-specific 2

Outdoor Worker PRGs for Soil - No secular equilibrium, no progeny (with decay)

Isotope

ICRP
Lung

Absorption
Type

Inhalation
Slope
Factor

(risk/pCi)

External
Exposure

Slope
Factor
(risk/yr

per
pCi/g)

Adult
Soil

Ingestion
Slope
Factor

(risk/pCi)
Lambda

(1/yr)
Halflife

(yr)

2000 m 2

Soil
Volume

Area
Correction

Factor

0 cm
Soil

Volume
Gamma

Shielding
Factor

Particulate
Emission

Factor
(m3/kg)

Ingestion
PRG

TR=1E-06
(pCi/g)

Inhalation
PRG

TR=1E-06
(pCi/g)

External
Exposure

PRG
TR=1E-06

(pCi/g)

Total
PRG

TR=1E-06
(pCi/g)

Total
PRG

TR=1E-06
(mg/kg)

Th-230 F 3.41E-08 8.45E-10 7.73E-11 9.19E-06 7.54E+04 9.62E-01 1.00E+00 1.36E+09 2.30E+01 3.55E+02 2.39E+02 1.98E+01 9.61E-04-

http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Th-230


Output generated   06AUG2020:17:13:01

Site-specific 3

Outdoor Worker Risk for Soil - No secular equilibrium, no progeny (with decay)

Isotope

ICRP
Lung

Absorption
Type

Inhalation
Slope
Factor

(risk/pCi)

External
Exposure

Slope
Factor
(risk/yr

per
pCi/g)

Adult
Soil

Ingestion
Slope
Factor

(risk/pCi)
Lambda

(1/yr)
Halflife

(yr)

2000 m 2

Soil
Volume

Area
Correction

Factor

0 cm
Soil

Volume
Gamma

Shielding
Factor

Th-230 F 3.41E-08 8.45E-10 7.73E-11 9.19E-06 7.54E+04 9.62E-01 1.00E+00
*Total Risk - - - - - - -

Isotope

Infinite Soil
Volume

Concentration
(pCi/g)

Ingestion
CDI

(pCi)

Inhalation
CDI

(pCi)

External
Exposure

CDI
(pCi)

Ingestion
Risk

Inhalation
Risk

External
Exposure

Risk
Total
Risk

Th-230 72 4.05E+04 5.96E+00 3.56E+02 3.13E-06 2.03E-07 3.01E-07 3.64E-06
*Total Risk - - - - 3.13E-06 2.03E-07 3.01E-07 3.64E-06

---------

http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Th-230
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=*Total Risk
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=Th-230
http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=*Total Risk
delhommk
Text Box
The total risk for Th-230 = 3.64E-06



Output generated   06AUG2020:17:18:23

Site-specific 1
Outdoor Worker Soil Inputs

Variable

Outdoor
Worker

Soil
Default
Value

Form-input
Value

A (PEF Dispersion Constant) 16.2302 16.2302
B (PEF Dispersion Constant) 18.7762 18.7762
City (Climate Zone) Default Default
C (PEF Dispersion Constant) 216.108 216.108
Cover layer thickness for GSF (gamma shielding factor) cm 0 cm 0 cm
F(x) (function dependent on U

m
/U

t
) unitless 0.194 0.194

PEF (particulate emission factor) m 3/kg 1359344438 1359344438
Q/C

wind
 (g/m2-s per kg/m 3) 93.77 93.77

A
s
 (acres) 0.5 0.5

Slab size for ACF (area correction factor) m 2 1000029 m 2 2000 m 2

ED
ow

 (exposure duration - outdoor worker) yr 25 25
EF

ow
 (exposure frequency - outdoor worker) day/yr 225 225

ET
ow

 (exposure time - outdoor worker) hr/day 8 8
IRA

ow
 (inhalation rate - outdoor worker) m 3/day 60 60

IRS
ow

 (soil intake rate - outdoor worker) mg/day 100 100
t

ow
 (time - outdoor worker) yr 25 25

TR (target cancer risk) unitless 1.0E-06 1.0E-06
U

m
  (mean annual wind speed) m/s 4.69 4.69

U
t
  (equivalent threshold value) 11.32 11.32

V  (fraction of vegetative cover) unitless 0.5 0.5



Output generated   06AUG2020:17:18:23

Site-specific 2

Outdoor Worker PRGs for Soil - Secular Equilibrium

Isotope

Ingestion
PRG

TR=1E-06
(pCi/g)

Inhalation
PRG

TR=1E-06
(pCi/g)

External
Exposure

PRG
TR=1E-06

(pCi/g)

Total
PRG

TR=1E-06
(pCi/g)

Secular Equilibrium PRG for Ra-226 7.62E-01 2.04E+02 2.75E-02 2.65E-02



Output generated   06AUG2020:17:18:23

Site-specific 3

Outdoor Worker Risk for Soil - Secular Equilibrium

Isotope
Ingestion

Risk
Inhalation

Risk

External
Exposure

Risk
Total
Risk

*Secular Equilibrium Risk for Ra-226 1.16E-04 4.31E-07 3.21E-03 3.32E-03
*Total Risk 1.16E-04 4.31E-07 3.21E-03 3.32E-03

http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=*Total Risk
delhommk
Text Box
The total risk for Ra-226 through Pb-210 = 3.23E-03
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Site-specific 1
Outdoor Worker Soil Inputs

Variable

Outdoor
Worker

Soil
Default
Value

Form-input
Value

A (PEF Dispersion Constant) 16.2302 16.2302
B (PEF Dispersion Constant) 18.7762 18.7762
City (Climate Zone) Default Default
C (PEF Dispersion Constant) 216.108 216.108
Cover layer thickness for GSF (gamma shielding factor) cm 0 cm 0 cm
F(x) (function dependent on U

m
/U

t
) unitless 0.194 0.194

PEF (particulate emission factor) m 3/kg 1359344438 1359344438
Q/C

wind
 (g/m2-s per kg/m 3) 93.77 93.77

A
s
 (acres) 0.5 0.5

Slab size for ACF (area correction factor) m 2 1000029 m 2 2000 m 2

ED
ow

 (exposure duration - outdoor worker) yr 25 25
EF

ow
 (exposure frequency - outdoor worker) day/yr 225 225

ET
ow

 (exposure time - outdoor worker) hr/day 8 8
IRA

ow
 (inhalation rate - outdoor worker) m 3/day 60 60

IRS
ow

 (soil intake rate - outdoor worker) mg/day 100 100
t

ow
 (time - outdoor worker) yr 25 25

TR (target cancer risk) unitless 1.0E-06 1.0E-06
U

m
  (mean annual wind speed) m/s 4.69 4.69

U
t
  (equivalent threshold value) 11.32 11.32

V  (fraction of vegetative cover) unitless 0.5 0.5



Output generated   06AUG2020:16:41:24

Site-specific 2

Outdoor Worker PRGs for Soil - Secular Equilibrium

Isotope

Ingestion
PRG

TR=1E-06
(pCi/g)

Inhalation
PRG

TR=1E-06
(pCi/g)

External
Exposure

PRG
TR=1E-06

(pCi/g)

Total
PRG

TR=1E-06
(pCi/g)

Secular Equilibrium PRG for Th-232 1.94E+00 5.22E+01 1.97E-02 1.95E-02
Secular Equilibrium PRG for U-235 3.23E+00 3.84E+01 1.05E-01 1.01E-01



Output generated   06AUG2020:16:41:24

Site-specific 3

Outdoor Worker Risk for Soil - Secular Equilibrium

Isotope
Ingestion

Risk
Inhalation

Risk

External
Exposure

Risk
Total
Risk

*Secular Equilibrium Risk for Th-232 9.60E-06 3.56E-07 9.45E-04 9.55E-04
*Secular Equilibrium Risk for U-235 8.32E-07 7.00E-08 2.57E-05 2.66E-05
*Total Risk 1.04E-05 4.26E-07 9.71E-04 9.82E-04---

http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=*Total Risk
delhommk
Text Box
The total risk for the full U-235 decay chain = 2.66E-05.  The total risk for the Th-232 decay chain = 9.55E-04.

delhommk
Text Box
The total risk for the full U-238, U-235, and Th-232 decay chains is thus:
2.88E-05  +
3.64E-06  +
3.23E-03  +
2.66E-05  +
9.55E-04     =     4.33E-03
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Attachment 4

Cover Thickness Calculation Results for Radon Flux

Fansteel Metals/ FMRI

Muskogee, Muskogee County, Oklahoma

Type of 

Material 

1
Thickness of 

Layer (cm)

(x) 

2Porosity of 

Material 

(Unitless)

(n)

3
Density of 

Material 

(g/cm3
)

(ρ) 

3
Radon 

Emanation 

Coefficient 

(Unitless)

(E)

3
Radon 

Decay 

Constant 

(1/s)

(λ)

3Long‐term 

Average 

Moisture 

Content (Dry 

weight 

percentage)

(w)

3
Specific 

Gravity of 

Soils 

(Unitless)

(G)

Contaminated Soils Native soil 130 0.305660377 1.84 0.35 2.10E‐06 10 2.65

Cover layer Native soil 23 0.305660377 1.84 0.35 2.10E‐06 10 2.65

Specific 

Activity of 

Ra‐226 

(pCi/g)

(R)

2
Moisture 

saturation 

fractions 

(Unitless)

(m)

2
Radon 

Diffusion 

Coefficients 

(cm2/s)

 (D)

2
Inverse 

relaxation 

length 

(1/cm)

(b)

2
Interface 

constants 

(cm2/s)

(a)

3
Equilibrium 

distrubution 

Coffecient of 

Radon  in 

Water and 

Air (pCi/cm3)

(k)

2Radon Flux 

from the bare 

contaminated 

soil 

(pCi/m2
‐s)

(Jt)

2
Radon Flux 

from the 

Cover 

(pCi/m2
‐s)

(Jc) 

Contaminated Soils 44 0.6020 5.75E‐03 0.0191 0.0002 0.2600 31

Cover Layer 0.5 0.6020 5.75E‐03 0.0191 0.0002 0.2600 0.1 19.9

3Value obtained from NRC Regulatory Guide 3.64.

NRC Regulatory Guide 3.64 Radon Flux Formulas:

Jt =

2*Jt * e
‐b

c* 
x
c

1 + √(at/ac) 

D = 0.07 * e
‐4 * (m ‐ (m * n^2) + (m^5))

m =  10‐2 * ρ * w

n * ρw

ρ

G*ρw

b = √(λ/D)

a = n
2 * D * (1‐((1‐k) * m))2

20NRC Radon Flux Limit: 

Jc = 

1 ‐ n =

1Thickness of cover layer was determined by trial and error  in order to determine the maximum thickness with a Radon Flux result less than 

or equal to the NRC limit of 20 pCi/m2‐s. A cover thickness of 23  centimeters is equivalent to approximately 0.75 feet. The contaminated 

soil thickness of 130 centimeters = 51 inches = 4.25 feet. The radon flux calculated result remains the same (19.9 pCi/m2‐s) beyond a 

thickness of 130 centimeters.

; ρw is the mass density of water = 1 g/cm3

 = 104 * R * ρ * E * √(λ * D) * hyperbolic tangent of (x * √(λ/D))

; ρw is the mass density of water = 1 g/cm3

2Value calculated per NRC Regulatory Guide 3.64 formulas noted below. The NRC Regulatory Guide 3.64 formulas were designed with 

uranium mill tailings in mind; therefore, the subscripts 't' and 'c' in the formulas below refer to 'tailings' and 'cover', respectively.  In this 

case, the formulas and terms with the 't' subscript are used for 'Contaminated Soils' and the formulas and terms with the 'c' subscript are 

used for 'Cover layer'.

1 of 5
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Attachment 4 (Continued)

Cover Thickness Calculation Results for Radon Flux

Fansteel Metals/ FMRI

Muskogee, Muskogee County, Oklahoma

Type of 

Material 

1Thickness of 

Layer (cm)

(x) 

2Porosity of 

Material 

(Unitless)

(n)

3Density of 

Material 

(g/cm3)

(ρ) 

3Radon 

Emanation 

Coefficient 

(Unitless)

(E)

3Radon 

Decay 

Constant 

(1/s)

(λ)

3Long‐term 

Average 

Moisture 

Content (Dry 

weight 

percentage)

(w)

3Specific 

Gravity of 

Soils 

(Unitless)

(G)

Contaminated Soils Native soil 130 0.305660377 1.84 0.35 2.10E‐06 10 2.65

Cover layer Native soil 40 0.305660377 1.84 0.35 2.10E‐06 10 2.65

Specific 

Activity of 

Ra‐226 

(pCi/g)

(R)

2Moisture 

saturation 

fractions 

(Unitless)

(m)

2Radon 

Diffusion 

Coefficients 

(cm2/s)

 (D)

2Inverse 

relaxation 

length 

(1/cm)

(b)

2Interface 

constants 

(cm2/s)

(a)

3Equilibrium 

distrubution 

Coffecient of 

Radon  in 

Water and 

Air (pCi/cm3)

(k)

2Radon Flux 

from the bare 

contaminated 

soil 

(pCi/m2‐s)

(Jt)

2Radon Flux 

from the 

Cover 

(pCi/m2‐s)

(Jc) 

Contaminated Soils 60 0.6020 5.75E‐03 0.0191 0.0002 0.2600 42

Cover Layer 0.5 0.6020 5.75E‐03 0.0191 0.0002 0.2600 0.2 19.7

3Value obtained from NRC Regulatory Guide 3.64.

NRC Regulatory Guide 3.64 Radon Flux Formulas:

Jt =

2*Jt * e
‐b

c* 
x
c

1 + √(at/ac) 

D = 0.07 * e‐4 * (m ‐ (m * n^2) + (m^5))

m =  10‐2 * ρ * w

n * ρw

ρ

G*ρw

b = √(λ/D)

a = n2 * D * (1‐((1‐k) * m))2

Jc = 

; ρw is the mass density of water = 1 g/cm3

n = 1 ‐  ; ρw is the mass density of water = 1 g/cm3

20NRC Radon Flux Limit: 

1Thickness of cover layer was determined by trial and error  in order to determine the maximum thickness with a Radon Flux result less 

than or equal to the NRC limit of 20 pCi/m2‐s. A cover thickness of 40  centimeters is equivalent to 1.31 feet. The contaminated soil 

thickness of 130 centimeters = 51 inches = 4.25 feet. The radon flux calculated result remains the same (19.7 pCi/m2‐s) beyond a thickness 

of 130 centimeters.
2Value calculated per NRC Regulatory Guide 3.64 formulas noted below. The NRC Regulatory Guide 3.64 formulas were designed with 

uranium mill tailings in mind; therefore, the subscripts 't' and 'c' in the formulas below refer to 'tailings' and 'cover', respectively.  In this 

case, the formulas and terms with the 't' subscript are used for 'Contaminated Soils' and the formulas and terms with the 'c' subscript are 

used for 'Cover layer'.

 = 104 * R * ρ * E * √(λ * D) * hyperbolic tangent of (x * √(λ/D))
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Attachment 4 (Continued)

Cover Thickness Calculation Results for Radon Flux

Fansteel Metals/ FMRI

Muskogee, Muskogee County, Oklahoma

Type of 

Material 

1Thickness of 

Layer (cm)

(x) 

2Porosity of 

Material 

(Unitless)

(n)

3Density of 

Material 

(g/cm3)

(ρ) 

3Radon 

Emanation 

Coefficient 

(Unitless)

(E)

3Radon 

Decay 

Constant 

(1/s)

(λ)

3Long‐term 

Average 

Moisture 

Content (Dry 

weight 

percentage)

(w)

3Specific 

Gravity of 

Soils 

(Unitless)

(G)

Contaminated Soils Native soil 130 0.305660377 1.84 0.35 2.10E‐06 10 2.65

Cover layer Native soil 60 0.305660377 1.84 0.35 2.10E‐06 10 2.65

Specific 

Activity of 

Ra‐226 

(pCi/g)

(R)

2Moisture 

saturation 

fractions 

(Unitless)

(m)

2Radon 

Diffusion 

Coefficients 

(cm2/s)

 (D)

2Inverse 

relaxation 

length 

(1/cm)

(b)

2Interface 

constants 

(cm2/s)

(a)

3Equilibrium 

distrubution 

Coffecient of 

Radon  in 

Water and 

Air (pCi/cm3)

(k)

2Radon Flux 

from the bare 

contaminated 

soil 

(pCi/m2‐s)

(Jt)

2Radon Flux 

from the 

Cover 

(pCi/m2‐s)

(Jc) 

Contaminated Soils 88 0.6020 5.75E‐03 0.0191 0.0002 0.2600 61

Cover Layer 0.5 0.6020 5.75E‐03 0.0191 0.0002 0.2600 0.3 19.8

3Value obtained from NRC Regulatory Guide 3.64.

NRC Regulatory Guide 3.64 Radon Flux Formulas:

Jt =

2*Jt * e
‐b

c* 
x
c

1 + √(at/ac) 

D = 0.07 * e‐4 * (m ‐ (m * n^2) + (m^5))

m =  10‐2 * ρ * w

n * ρw

ρ

G*ρw

b = √(λ/D)

a = n2 * D * (1‐((1‐k) * m))2

Jc = 

; ρw is the mass density of water = 1 g/cm3

n = 1 ‐  ; ρw is the mass density of water = 1 g/cm3

20NRC Radon Flux Limit: 

1Thickness of cover layer was determined by trial and error  in order to determine the maximum thickness with a Radon Flux result less 

than or equal to the NRC limit of 20 pCi/m2‐s. A cover thickness of 60  centimeters is equivalent to 23.6 inches or 2 feet. The contaminated 

soil thickness of 130 centimeters = 51 inches = 4.25 feet. The radon flux calculated result remains the same (19.8 pCi/m2‐s) beyond a 

thickness of 130 centimeters.
2Value calculated per NRC Regulatory Guide 3.64 formulas noted below. The NRC Regulatory Guide 3.64 formulas were designed with 

uranium mill tailings in mind; therefore, the subscripts 't' and 'c' in the formulas below refer to 'tailings' and 'cover', respectively.  In this 

case, the formulas and terms with the 't' subscript are used for 'Contaminated Soils' and the formulas and terms with the 'c' subscript are 

used for 'Cover layer'.

 = 104 * R * ρ * E * √(λ * D) * hyperbolic tangent of (x * √(λ/D))
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Attachment 4 (Continued)

Cover Thickness Calculation Results for Radon Flux

Fansteel Metals/ FMRI

Muskogee, Muskogee County, Oklahoma

Type of 

Material 

1Thickness of 

Layer (cm)

(x) 

2Porosity of 

Material 

(Unitless)

(n)

3Density of 

Material 

(g/cm3)

(ρ) 

3Radon 

Emanation 

Coefficient 

(Unitless)

(E)

3Radon 

Decay 

Constant 

(1/s)

(λ)

3Long‐term 

Average 

Moisture 

Content (Dry 

weight 

percentage)

(w)

3Specific 

Gravity of 

Soils 

(Unitless)

(G)

Contaminated Soils Native soil 130 0.305660377 1.84 0.35 2.10E‐06 10 2.65

Cover layer Native soil 67 0.305660377 1.84 0.35 2.10E‐06 10 2.65

Specific 

Activity of 

Ra‐226 

(pCi/g)

(R)

2Moisture 

saturation 

fractions 

(Unitless)

(m)

2Radon 

Diffusion 

Coefficients 

(cm2/s)

 (D)

2Inverse 

relaxation 

length 

(1/cm)

(b)

2Interface 

constants 

(cm2/s)

(a)

3Equilibrium 

distrubution 

Coffecient of 

Radon  in 

Water and 

Air (pCi/cm3)

(k)

2Radon Flux 

from the bare 

contaminated 

soil 

(pCi/m2‐s)

(Jt)

2Radon Flux 

from the 

Cover 

(pCi/m2‐s)

(Jc) 

Contaminated Soils 100 0.6020 5.75E‐03 0.0191 0.0002 0.2600 70

Cover Layer 0.5 0.6020 5.75E‐03 0.0191 0.0002 0.2600 0.3 19.7

3Value obtained from NRC Regulatory Guide 3.64.

NRC Regulatory Guide 3.64 Radon Flux Formulas:

Jt =

2*Jt * e
‐b

c* 
x
c

1 + √(at/ac) 

D = 0.07 * e‐4 * (m ‐ (m * n^2) + (m^5))

m =  10‐2 * ρ * w

n * ρw

ρ

G*ρw

b = √(λ/D)

a = n2 * D * (1‐((1‐k) * m))2

Jc = 

; ρw is the mass density of water = 1 g/cm3

n = 1 ‐  ; ρw is the mass density of water = 1 g/cm3

20NRC Radon Flux Limit: 

1Thickness of cover layer was determined by trial and error  in order to determine the maximum thickness with a Radon Flux result less 

than or equal to the NRC limit of 20 pCi/m2‐s. A cover thickness of 67  centimeters is equivalent to approximately 2.20 feet. The 

contaminated soil thickness of 130 centimeters = 51 inches = 4.25 feet. The radon flux calculated result remains the same (19.7 pCi/m2‐s) 

beyond a thickness of 130 centimeters.
2Value calculated per NRC Regulatory Guide 3.64 formulas noted below. The NRC Regulatory Guide 3.64 formulas were designed with 

uranium mill tailings in mind; therefore, the subscripts 't' and 'c' in the formulas below refer to 'tailings' and 'cover', respectively.  In this 

case, the formulas and terms with the 't' subscript are used for 'Contaminated Soils' and the formulas and terms with the 'c' subscript are 

used for 'Cover layer'.

 = 104 * R * ρ * E * √(λ * D) * hyperbolic tangent of (x * √(λ/D))
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Attachment 4 (Continued)

Cover Thickness Calculation Results for Radon Flux

Fansteel Metals/ FMRI

Muskogee, Muskogee County, Oklahoma

Type of 

Material 

1Thickness of 

Layer (cm)

(x) 

2Porosity of 

Material 

(Unitless)

(n)

3Density of 

Material 

(g/cm3)

(ρ) 

3Radon 

Emanation 

Coefficient 

(Unitless)

(E)

3Radon 

Decay 

Constant 

(1/s)

(λ)

3Long‐term 

Average 

Moisture 

Content (Dry 

weight 

percentage)

(w)

3Specific 

Gravity of 

Soils 

(Unitless)

(G)

Contaminated Soils Native soil 130 0.305660377 1.84 0.35 2.10E‐06 10 2.65

Cover layer Native soil 78 0.305660377 1.84 0.35 2.10E‐06 10 2.65

Specific 

Activity of 

Ra‐226 

(pCi/g)

(R)

2Moisture 

saturation 

fractions 

(Unitless)

(m)

2Radon 

Diffusion 

Coefficients 

(cm2/s)

 (D)

2Inverse 

relaxation 

length 

(1/cm)

(b)

2Interface 

constants 

(cm2/s)

(a)

3Equilibrium 

distrubution 

Coffecient of 

Radon  in 

Water and 

Air (pCi/cm3)

(k)

2Radon Flux 

from the bare 

contaminated 

soil 

(pCi/m2‐s)

(Jt)

2Radon Flux 

from the 

Cover 

(pCi/m2‐s)

(Jc) 

Contaminated Soils 125 0.6020 5.75E‐03 0.0191 0.0002 0.2600 87

Cover Layer 0.5 0.6020 5.75E‐03 0.0191 0.0002 0.2600 0.3 20.0

3Value obtained from NRC Regulatory Guide 3.64.

NRC Regulatory Guide 3.64 Radon Flux Formulas:

Jt =

2*Jt * e
‐b

c* 
x
c

1 + √(at/ac) 

D = 0.07 * e‐4 * (m ‐ (m * n^2) + (m^5))

m =  10‐2 * ρ * w

n * ρw

ρ

G*ρw

b = √(λ/D)

a = n2 * D * (1‐((1‐k) * m))2

Jc = 

; ρw is the mass density of water = 1 g/cm3

n = 1 ‐  ; ρw is the mass density of water = 1 g/cm3

20NRC Radon Flux Limit: 

1Thickness of cover layer was determined by trial and error  in order to determine the maximum thickness with a Radon Flux result less 

than or equal to the NRC limit of 20 pCi/m2‐s. A cover thickness of 78  centimeters is equivalent to 2 .56 feet. The contaminated soil 

thickness of 130 centimeters = 51 inches = 4.25 feet. The radon flux calculated result remains the same (20.0 pCi/m2‐s) beyond a thickness 

of 130 centimeters.
2Value calculated per NRC Regulatory Guide 3.64 formulas noted below. The NRC Regulatory Guide 3.64 formulas were designed with 

uranium mill tailings in mind; therefore, the subscripts 't' and 'c' in the formulas below refer to 'tailings' and 'cover', respectively.  In this 

case, the formulas and terms with the 't' subscript are used for 'Contaminated Soils' and the formulas and terms with the 'c' subscript are 

used for 'Cover layer'.

 = 104 * R * ρ * E * √(λ * D) * hyperbolic tangent of (x * √(λ/D))
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ATTACHMENT 5 
RESRAD RADIUM BENCHMARK DOSE CALCULATION RESULT  








































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











ATTACHMENT 6 
RESRAD SINGLE RADIONUCLIDE GUIDELINE LEVEL 

CALCULATION RESULTS  


































































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Text Box
Under an assumption that the the ratios of the radioisotopes in the U-238, U-235, and Th-232 decay-chains to Ra-226 in the Soils Stockpile ESI sample are representative, a 'cumulative' action level for Ra-226 was calculated to equal:
Radium Benchmark Dose of 8.41 mrem/yr ÷ 2.26 mrem/yr per 1 pCi/g of Ra-226 =            3.72 pCi/g of Ra-226.
This value can be used without the Unity Rule. 
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





























ATTACHMENT 7 
COVER THICKNESS CALCULATION RESULTS FOR TARGET 

MAXIMUM RISK OF 3X10-4 



Output generated   02OCT2020:12:15:17

Site-specific 1
Outdoor Worker Soil Inputs

Variable

Outdoor
Worker

Soil
Default
Value

Form-input
Value

A (PEF Dispersion Constant) 16.2302 16.2302
B (PEF Dispersion Constant) 18.7762 18.7762
City (Climate Zone) Default Default
C (PEF Dispersion Constant) 216.108 216.108
Cover layer thickness for GSF (gamma shielding factor) cm 0 cm 10 cm
F(x) (function dependent on U

m
/U

t
) unitless 0.194 0.194

PEF (particulate emission factor) m 3/kg 1359344438 1359344438
Q/C

wind
 (g/m2-s per kg/m 3) 93.77 93.77

A
s
 (acres) 0.5 0.5

Slab size for ACF (area correction factor) m 2 1000000 m 2 2000 m 2

ED
ow

 (exposure duration - outdoor worker) yr 25 25
EF

ow
 (exposure frequency - outdoor worker) day/yr 225 225

ET
ow

 (exposure time - outdoor worker) hr/day 8 8
IRA

ow
 (inhalation rate - outdoor worker) m 3/day 60 60

IRS
ow

 (soil intake rate - outdoor worker) mg/day 100 100
t

ow
 (time - outdoor worker) yr 25 25

TR (target cancer risk) unitless 1.0E-06 1.0E-06
U

m
  (mean annual wind speed) m/s 4.69 4.69

U
t
  (equivalent threshold value) 11.32 11.32

V  (fraction of vegetative cover) unitless 0.5 0.5



Output generated   02OCT2020:12:15:17

Site-specific 2

Outdoor Worker PRGs for Soil - Secular Equilibrium

Isotope

Ingestion
PRG

TR=1.0E-06
(pCi/g)

Inhalation
PRG

TR=1.0E-06
(pCi/g)

External
Exposure

PRG
TR=1.0E-06

(pCi/g)

Total
PRG

TR=1.0E-06
(pCi/g)

Secular Equilibrium PRG for Ra-226 7.62E-01 2.04E+02 9.02E-02 8.06E-02



Output generated   02OCT2020:12:15:17

Site-specific 3

Outdoor Worker Risk for Soil - Secular Equilibrium

Isotope
Ingestion

Risk
Inhalation

Risk

External
Exposure

Risk
Total
Risk

*Secular Equilibrium Risk for Ra-226 5.78E-05 2.15E-07 4.88E-04 5.46E-04
*Total Risk 5.78E-05 2.15E-07 4.88E-04 5.46E-04

http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=*Total Risk


Output generated   02OCT2020:12:03:09

Site-specific 1
Outdoor Worker Soil Inputs

Variable

Outdoor
Worker

Soil
Default
Value

Form-input
Value

A (PEF Dispersion Constant) 16.2302 16.2302
B (PEF Dispersion Constant) 18.7762 18.7762
City (Climate Zone) Default Default
C (PEF Dispersion Constant) 216.108 216.108
Cover layer thickness for GSF (gamma shielding factor) cm 0 cm 20 cm
F(x) (function dependent on U

m
/U

t
) unitless 0.194 0.194

PEF (particulate emission factor) m 3/kg 1359344438 1359344438
Q/C

wind
 (g/m2-s per kg/m 3) 93.77 93.77

A
s
 (acres) 0.5 0.5

Slab size for ACF (area correction factor) m 2 1000000 m 2 2000 m 2

ED
ow

 (exposure duration - outdoor worker) yr 25 25
EF

ow
 (exposure frequency - outdoor worker) day/yr 225 225

ET
ow

 (exposure time - outdoor worker) hr/day 8 8
IRA

ow
 (inhalation rate - outdoor worker) m 3/day 60 60

IRS
ow

 (soil intake rate - outdoor worker) mg/day 100 100
t

ow
 (time - outdoor worker) yr 25 25

TR (target cancer risk) unitless 1.0E-06 1.0E-06
U

m
  (mean annual wind speed) m/s 4.69 4.69

U
t
  (equivalent threshold value) 11.32 11.32

V  (fraction of vegetative cover) unitless 0.5 0.5



Output generated   02OCT2020:12:03:09

Site-specific 2

Outdoor Worker PRGs for Soil - Secular Equilibrium

Isotope

Ingestion
PRG

TR=1.0E-06
(pCi/g)

Inhalation
PRG

TR=1.0E-06
(pCi/g)

External
Exposure

PRG
TR=1.0E-06

(pCi/g)

Total
PRG

TR=1.0E-06
(pCi/g)

Secular Equilibrium PRG for Ra-226 7.62E-01 2.04E+02 2.28E-01 1.75E-01



Output generated   02OCT2020:12:03:09

Site-specific 3

Outdoor Worker Risk for Soil - Secular Equilibrium

Isotope
Ingestion

Risk
Inhalation

Risk

External
Exposure

Risk
Total
Risk

*Secular Equilibrium Risk for Ra-226 5.78E-05 2.15E-07 1.93E-04 2.51E-04
*Total Risk 5.78E-05 2.15E-07 1.93E-04 2.51E-04

http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=*Total Risk


Output generated   02OCT2020:12:13:16

Site-specific 1
Outdoor Worker Soil Inputs

Variable

Outdoor
Worker

Soil
Default
Value

Form-input
Value

A (PEF Dispersion Constant) 16.2302 16.2302
B (PEF Dispersion Constant) 18.7762 18.7762
City (Climate Zone) Default Default
C (PEF Dispersion Constant) 216.108 216.108
Cover layer thickness for GSF (gamma shielding factor) cm 0 cm 20 cm
F(x) (function dependent on U

m
/U

t
) unitless 0.194 0.194

PEF (particulate emission factor) m 3/kg 1359344438 1359344438
Q/C

wind
 (g/m2-s per kg/m 3) 93.77 93.77

A
s
 (acres) 0.5 0.5

Slab size for ACF (area correction factor) m 2 1000000 m 2 2000 m 2

ED
ow

 (exposure duration - outdoor worker) yr 25 25
EF

ow
 (exposure frequency - outdoor worker) day/yr 225 225

ET
ow

 (exposure time - outdoor worker) hr/day 8 8
IRA

ow
 (inhalation rate - outdoor worker) m 3/day 60 60

IRS
ow

 (soil intake rate - outdoor worker) mg/day 100 100
t

ow
 (time - outdoor worker) yr 25 25

TR (target cancer risk) unitless 1.0E-06 1.0E-06
U

m
  (mean annual wind speed) m/s 4.69 4.69

U
t
  (equivalent threshold value) 11.32 11.32

V  (fraction of vegetative cover) unitless 0.5 0.5



Output generated   02OCT2020:12:13:16

Site-specific 2

Outdoor Worker PRGs for Soil - Secular Equilibrium

Isotope

Ingestion
PRG

TR=1.0E-06
(pCi/g)

Inhalation
PRG

TR=1.0E-06
(pCi/g)

External
Exposure

PRG
TR=1.0E-06

(pCi/g)

Total
PRG

TR=1.0E-06
(pCi/g)

Secular Equilibrium PRG for Ra-226 7.62E-01 2.04E+02 2.28E-01 1.75E-01



Output generated   02OCT2020:12:13:16

Site-specific 3

Outdoor Worker Risk for Soil - Secular Equilibrium

Isotope
Ingestion

Risk
Inhalation

Risk

External
Exposure

Risk
Total
Risk

*Secular Equilibrium Risk for Ra-226 7.88E-05 2.94E-07 2.63E-04 3.42E-04
*Total Risk 7.88E-05 2.94E-07 2.63E-04 3.42E-04

http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=*Total Risk


Output generated   02OCT2020:12:06:28

Site-specific 1
Outdoor Worker Soil Inputs

Variable

Outdoor
Worker

Soil
Default
Value

Form-input
Value

A (PEF Dispersion Constant) 16.2302 16.2302
B (PEF Dispersion Constant) 18.7762 18.7762
City (Climate Zone) Default Default
C (PEF Dispersion Constant) 216.108 216.108
Cover layer thickness for GSF (gamma shielding factor) cm 0 cm 30 cm
F(x) (function dependent on U

m
/U

t
) unitless 0.194 0.194

PEF (particulate emission factor) m 3/kg 1359344438 1359344438
Q/C

wind
 (g/m2-s per kg/m 3) 93.77 93.77

A
s
 (acres) 0.5 0.5

Slab size for ACF (area correction factor) m 2 1000000 m 2 2000 m 2

ED
ow

 (exposure duration - outdoor worker) yr 25 25
EF

ow
 (exposure frequency - outdoor worker) day/yr 225 225

ET
ow

 (exposure time - outdoor worker) hr/day 8 8
IRA

ow
 (inhalation rate - outdoor worker) m 3/day 60 60

IRS
ow

 (soil intake rate - outdoor worker) mg/day 100 100
t

ow
 (time - outdoor worker) yr 25 25

TR (target cancer risk) unitless 1.0E-06 1.0E-06
U

m
  (mean annual wind speed) m/s 4.69 4.69

U
t
  (equivalent threshold value) 11.32 11.32

V  (fraction of vegetative cover) unitless 0.5 0.5



Output generated   02OCT2020:12:06:28

Site-specific 2

Outdoor Worker PRGs for Soil - Secular Equilibrium

Isotope

Ingestion
PRG

TR=1.0E-06
(pCi/g)

Inhalation
PRG

TR=1.0E-06
(pCi/g)

External
Exposure

PRG
TR=1.0E-06

(pCi/g)

Total
PRG

TR=1.0E-06
(pCi/g)

Secular Equilibrium PRG for Ra-226 7.62E-01 2.04E+02 5.72E-01 3.26E-01



Output generated   02OCT2020:12:06:28

Site-specific 3

Outdoor Worker Risk for Soil - Secular Equilibrium

Isotope
Ingestion

Risk
Inhalation

Risk

External
Exposure

Risk
Total
Risk

*Secular Equilibrium Risk for Ra-226 7.88E-05 2.94E-07 1.05E-04 1.84E-04
*Total Risk 7.88E-05 2.94E-07 1.05E-04 1.84E-04

http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=*Total Risk


Output generated   17SEP2020:14:44:54

Site-specific 1
Outdoor Worker Soil Inputs

Variable

Outdoor
Worker

Soil
Default
Value

Form-input
Value

A (PEF Dispersion Constant) 16.2302 16.2302
B (PEF Dispersion Constant) 18.7762 18.7762
City (Climate Zone) Default Default
C (PEF Dispersion Constant) 216.108 216.108
Cover layer thickness for GSF (gamma shielding factor) cm 0 cm 30 cm
F(x) (function dependent on U

m
/U

t
) unitless 0.194 0.194

PEF (particulate emission factor) m 3/kg 1359344438 1359344438
Q/C

wind
 (g/m2-s per kg/m 3) 93.77 93.77

A
s
 (acres) 0.5 0.5

Slab size for ACF (area correction factor) m 2 1000000 m 2 2000 m 2

ED
ow

 (exposure duration - outdoor worker) yr 25 25
EF

ow
 (exposure frequency - outdoor worker) day/yr 225 225

ET
ow

 (exposure time - outdoor worker) hr/day 8 8
IRA

ow
 (inhalation rate - outdoor worker) m 3/day 60 60

IRS
ow

 (soil intake rate - outdoor worker) mg/day 100 100
t

ow
 (time - outdoor worker) yr 25 25

TR (target cancer risk) unitless 1.0E-06 1.0E-06
U

m
  (mean annual wind speed) m/s 4.69 4.69

U
t
  (equivalent threshold value) 11.32 11.32

V  (fraction of vegetative cover) unitless 0.5 0.5



Output generated   17SEP2020:14:44:54

Site-specific 2

Outdoor Worker PRGs for Soil - Secular Equilibrium

Isotope

Ingestion
PRG

TR=1.0E-06
(pCi/g)

Inhalation
PRG

TR=1.0E-06
(pCi/g)

External
Exposure

PRG
TR=1.0E-06

(pCi/g)

Total
PRG

TR=1.0E-06
(pCi/g)

Secular Equilibrium PRG for Ra-226 7.62E-01 2.04E+02 5.72E-01 3.26E-01



Output generated   17SEP2020:14:44:54

Site-specific 3

Outdoor Worker Risk for Soil - Secular Equilibrium

Isotope
Ingestion

Risk
Inhalation

Risk

External
Exposure

Risk
Total
Risk

*Secular Equilibrium Risk for Ra-226 1.16E-04 4.31E-07 1.54E-04 2.70E-04
*Total Risk 1.16E-04 4.31E-07 1.54E-04 2.70E-04

http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=*Total Risk


Output generated   02OCT2020:12:08:50

Site-specific 1
Outdoor Worker Soil Inputs

Variable

Outdoor
Worker

Soil
Default
Value

Form-input
Value

A (PEF Dispersion Constant) 16.2302 16.2302
B (PEF Dispersion Constant) 18.7762 18.7762
City (Climate Zone) Default Default
C (PEF Dispersion Constant) 216.108 216.108
Cover layer thickness for GSF (gamma shielding factor) cm 0 cm 30 cm
F(x) (function dependent on U

m
/U

t
) unitless 0.194 0.194

PEF (particulate emission factor) m 3/kg 1359344438 1359344438
Q/C

wind
 (g/m2-s per kg/m 3) 93.77 93.77

A
s
 (acres) 0.5 0.5

Slab size for ACF (area correction factor) m 2 1000000 m 2 2000 m 2

ED
ow

 (exposure duration - outdoor worker) yr 25 25
EF

ow
 (exposure frequency - outdoor worker) day/yr 225 225

ET
ow

 (exposure time - outdoor worker) hr/day 8 8
IRA

ow
 (inhalation rate - outdoor worker) m 3/day 60 60

IRS
ow

 (soil intake rate - outdoor worker) mg/day 100 100
t

ow
 (time - outdoor worker) yr 25 25

TR (target cancer risk) unitless 1.0E-06 1.0E-06
U

m
  (mean annual wind speed) m/s 4.69 4.69

U
t
  (equivalent threshold value) 11.32 11.32

V  (fraction of vegetative cover) unitless 0.5 0.5



Output generated   02OCT2020:12:08:50

Site-specific 2

Outdoor Worker PRGs for Soil - Secular Equilibrium

Isotope

Ingestion
PRG

TR=1.0E-06
(pCi/g)

Inhalation
PRG

TR=1.0E-06
(pCi/g)

External
Exposure

PRG
TR=1.0E-06

(pCi/g)

Total
PRG

TR=1.0E-06
(pCi/g)

Secular Equilibrium PRG for Ra-226 7.62E-01 2.04E+02 5.72E-01 3.26E-01



Output generated   02OCT2020:12:08:50

Site-specific 3

Outdoor Worker Risk for Soil - Secular Equilibrium

Isotope
Ingestion

Risk
Inhalation

Risk

External
Exposure

Risk
Total
Risk

*Secular Equilibrium Risk for Ra-226 1.31E-04 4.89E-07 1.75E-04 3.07E-04
*Total Risk 1.31E-04 4.89E-07 1.75E-04 3.07E-04

http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=*Total Risk


Output generated   02OCT2020:12:10:55

Site-specific 1
Outdoor Worker Soil Inputs

Variable

Outdoor
Worker

Soil
Default
Value

Form-input
Value

A (PEF Dispersion Constant) 16.2302 16.2302
B (PEF Dispersion Constant) 18.7762 18.7762
City (Climate Zone) Default Default
C (PEF Dispersion Constant) 216.108 216.108
Cover layer thickness for GSF (gamma shielding factor) cm 0 cm 40 cm
F(x) (function dependent on U

m
/U

t
) unitless 0.194 0.194

PEF (particulate emission factor) m 3/kg 1359344438 1359344438
Q/C

wind
 (g/m2-s per kg/m 3) 93.77 93.77

A
s
 (acres) 0.5 0.5

Slab size for ACF (area correction factor) m 2 1000000 m 2 2000 m 2

ED
ow

 (exposure duration - outdoor worker) yr 25 25
EF

ow
 (exposure frequency - outdoor worker) day/yr 225 225

ET
ow

 (exposure time - outdoor worker) hr/day 8 8
IRA

ow
 (inhalation rate - outdoor worker) m 3/day 60 60

IRS
ow

 (soil intake rate - outdoor worker) mg/day 100 100
t

ow
 (time - outdoor worker) yr 25 25

TR (target cancer risk) unitless 1.0E-06 1.0E-06
U

m
  (mean annual wind speed) m/s 4.69 4.69

U
t
  (equivalent threshold value) 11.32 11.32

V  (fraction of vegetative cover) unitless 0.5 0.5



Output generated   02OCT2020:12:10:55

Site-specific 2

Outdoor Worker PRGs for Soil - Secular Equilibrium

Isotope

Ingestion
PRG

TR=1.0E-06
(pCi/g)

Inhalation
PRG

TR=1.0E-06
(pCi/g)

External
Exposure

PRG
TR=1.0E-06

(pCi/g)

Total
PRG

TR=1.0E-06
(pCi/g)

Secular Equilibrium PRG for Ra-226 7.62E-01 2.04E+02 1.28E+00 4.77E-01



Output generated   02OCT2020:12:10:55

Site-specific 3

Outdoor Worker Risk for Soil - Secular Equilibrium

Isotope
Ingestion

Risk
Inhalation

Risk

External
Exposure

Risk
Total
Risk

*Secular Equilibrium Risk for Ra-226 1.64E-04 6.12E-07 9.76E-05 2.62E-04
*Total Risk 1.64E-04 6.12E-07 9.76E-05 2.62E-04

http://epa-prgs.ornl.gov/radionuclides/chain/chain.php?rad=*Total Risk
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